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assessment, exemplifies the largest scale of panarchy and the measuring aspect of RE. The
second application, a Bayesian network approach, exemplifies the intermediate scale of
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1

INTRODUCTION

Resilience has developed over decades and across disciplines in an effort to understand
necessary aspects of complex adaptive systems. These aspects include behavior, response, and
relationships, which can be used to identify system vulnerabilities and potential outcomes. This
functionality of resilience to identify vulnerabilities has sparked a perspective to reduce system
vulnerabilities through Resilience Engineering (RE). RE has been applied to a variety of
systems including organizational, security, technical, mechanical, economical, ecological, and
social systems. This breadth of research has helped advance the science extensively. Resilience
and RE of socio-ecological systems is the focus of this body of work.
1.1 Motivation
There are both practical and theoretical reasons for conducting this body of work. From a
practical perspective, application of resilience engineering theory is needed to serve as a
guiding framework for industry use (Ayyub, 2015; Fiksel, 2006; Patriarca et al., 2018). The
primary focus of research has been on defining system resilience, qualitative relationships, and
framework models (Patriarca et al., 2018). There continues to be an established need for
practical applications of the theoretical constructs (Lawler, 2017). The potential for enhanced
decision-making is one established justification. Consciousness of system dynamics, part of
the resilience perspective, improves decision-making (Woods and Branlat, 2006). Practical
applications also provide models and approaches for others to emulate and adapt for real-world
projects. This work aims to provide awareness of RE uses, benefits, and challenges from a
demonstrative context.
Reflecting on the implementation of theory and analytical tools provides an opportunity for
theoretical advancement. Since resilience has become a buzzword, it is even more important
to refine and develop a consensus of fundamental theory (Walker and Salt, 2012). Literature
largely stops short of actual implementation; modeling is a starting point, but actual case
studies are needed. New research is needed in these key areas to fully operationalize and realize
the advantages of resilience (Chang and Shinozuka, 2004). Practical application allows for
investigation and critique of both theoretical frameworks and RE analytical tools. The feedback
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loop is necessary to continue to test and refine theory and identify areas of interest. These
implementations provide observations and develop conclusions that can enhance the state of
the science and present a clear direction of future research.
1.2 Rationale
The rationale for this body of work is rooted in the fundamental conceptual frameworks of
both resilience and RE. In the context of socio-ecological systems (SES), resilience is often
presented in panarchy, a framework of natural rules connecting hierarchical adaptive cycles
(Gunderson and Holling, 2002). Organization and function of SES progress through various
phases, described by the adaptive cycle model. System behaviors such as strength of internal
connections, flexibility, and resilience are different from one phase to another (Walker and
Salt, 2012). Panarchy establishes connections and relationships between sub-systems at
different scales such as community, watershed, and national. Investigating resilience at various
scales reveal behaviors and triggers specific to that scale as well as feedbacks between scales
(Allen et al., 2014). Cross-scale interactions are critical, as resilience of a system defined at
one scale depends on influences from scales above and below (Woods and Branlat, 2006).

Figure 1. Dissertation framework: a panarchal perspective integrating fundamental aspects of RE.
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Techniques and efforts that shift the state of resilience of a system are aspects of Resilience
Engineering (RE). RE is the discipline aimed at understanding the organization and function
of complex systems. RE is useful for understanding crucial system dynamics for resilient
decision-making and system adaptation or recovery after disturbances. There are three primary
aspects of RE (Hollnagel et al., 2006), shown in Figure 1.
•

RE.1 analyzes, monitors, measures resilience.

•

RE.2 models systems to observe change in resilience.

•

RE.3 seeks to build the resilience of the system.

Addressing all three aspects of RE provides a holistic view of the discipline and the dynamic
ways of applying RE to complex systems.
This body of work presents three distinct applications of resilience and resilience engineering
that align with the fundamental conceptual frameworks presented above. The first application,
a vulnerability assessment, exemplifies the largest scale of panarchy and the measuring aspect
of RE. The second application, a Bayesian network approach, exemplifies of the intermediate
scale of panarchy and the modeling aspect of RE. The third application, an engineering design
project using analytical hierarchy process (AHP), exemplifies the smallest scale of panarchy
and the improvement aspect of RE.
This work investigates socio-ecological systems (SES) in two widely different study areas.
SESs are inherently different based on many factors including ecology, climate, geography,
and culture, which require consideration when evaluating resilience. These differences reflect
in dissimilar behaviors, responses, and vulnerabilities and therefore the resilience of the SES.
However, these SESs share an increasing vulnerability to modern growth and globalization
(Walker and Salt, 2012). The first study area, Northern New Mexico is located in a semi-arid
climate with dam-controlled water ways. New Mexico possess a large presence of water
quality and environmental regulation. The second study area, Nepal is relatively water rich
with thousands of glacial and snow-fed river systems. Limited water infrastructure, treatment,
and monsoonal driven hydrologic trends create stressed water availability for domestic and
agricultural use (Sharma and Shakya, 2006). Furthermore, lack of flow and storage regulation
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on industrial and hydropower development has restricted downstream discharge. Investigating
SESs that differ in vulnerabilities and strengths provide a unique opportunity to observe
variations in linkages and sensitivities.
1.3 Research Objectives
This body of work is comprised of three objectives. The objectives are rationalized and briefly
described below.
Objective 1 – Advance a water resource vulnerability index-based assessment of a largescale socio-ecological system in Nepal.
Resilience can be expressed as a relative complement of vulnerability and it is dependent on
adaptive capacity (Weisstein, 2018). Therefore, resilience can be evaluated indirectly through
a vulnerability assessment. Multiple parameters can be assessed at once using thresholds in an
index-based approach. An index-based vulnerability assessment is a flexible tool that identifies
triggers and parameters most vulnerable to stresses. A set of common resilience indicators has
not yet been developed and tested in real-world applications for assessment, monitoring, and
identification of specific system stresses (Cutter et al., 2008). In order to determine the most
appropriate parameter settings, relationships, and weightings, there must be critical reviews
and adaptations of existing literature. Comprehensive methods of evaluating resilience for the
purpose of supporting decision-making and water resources management are needed. Although
several methods for quantifying resilience have been developed, previous efforts have not
incorporated hydropower development (Babel et al., 2011; Huang and Cai, 2009; Pandey et
al., 2011). This type of framework is particularly needed in developing countries, such as
Nepal, where water resource development is rapidly increasing and changing traditional sociohydrologic systems. Hydropower development has been a major objective in Nepal because of
its suitable topography, variable rainfall, and potential to export power to India and China. The
Ministry of Energy has developed aggressive power production plans and projects a total of
11,480 MW of installed capacity by 2030 (Sharma and Awal, 2013). This study addresses
RE.1, measuring and monitoring resilience, at the national scale using an index-based
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vulnerability assessment. This approach can provide useful insight for decision-making which
will improve the resilience of socio-hydrological systems.
Objective 2 –Highlighting essential aspects of modeling resilience of socio-ecohydrological
systems by examining disturbed watersheds in the western US.
SESs are inherently complex, requiring advanced modeling techniques for determining crucial
system dynamics. These systems that are impacted by natural disturbances are even more
challenging to understand and model. Disturbances such as wildfires are becoming more
important in the western US as they directly affect the strained water resources and threaten
post-fire debris flows. These arid systems are strained by long periods of drought and a century
of forest management practices promoting fire suppression. Simple and linear theories, models,
and methods have limitations that make them unsuitable for characterizing complex systems
(Qureshi et al 2007). Bayesian Networks (BNs) are advanced models that have frequently been
used for RE assessments (Hosseini and Barker, 2016). BNs are probabilistic directed acyclic
graphical models that allow developers to assign relationships and thresholds based on expert
and site-specific knowledge. Other advantages of BNs include the ability to utilize small and
incomplete datasets, and explicitly account for uncertainty in the system (Uusitalo, 2007). This
study addresses RE.2, modeling resilience, at the watershed scale utilizing a Bayesian Network
(BN) approach. Results from BN approaches can inform decision-makers and help determine
actions to increase system resilience and advance practical knowledge of RE modeling.
Objective 3 – Advance resilience engineering applications and practices at the communityscale utilizing Analytical Hierarchy Process (AHP) and community involvement.
There is a need for real-world applications for community-level resilience in the face of natural
disasters to mitigate negative impacts. Especially for communities devastated by natural
disasters, such as Bahunipati, Nepal in the wake of the devastating 2015 earthquakes. These
real-world applications should serve as a guide for implementing more sustainable practices;
empowering local communities and providing guidance on structural, economic, social, and
environmental policy changes needed to enhance their own resilience (Cutter et al., 2008). This
work implements a small-scale building project that incorporates principles of resilience and
5
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RE in the planning, design, and construction phases. This study addresses RE.3, building
system resilience, at the community-scale and implements a decision-making tool called
analytical hierarchy process (AHP). AHP is valuable because of its structured ability to
incorporate input from various perspectives and establish an intensity of importance to develop
a hierarchy for all criteria (Saaty, 2004). AHP, a rational multi-criterion decision-making
model, provides the means to identify relevant factors and interrelations (Saaty 1988).
Building collective resilience must develop economic resources, reduce risk and resource
inequities, and address areas of greatest social vulnerability by engaging local people in every
step (Norris et al., 2008). Addressing environmental, societal, scientific, and governmental
perspectives is important for the interpretation and understanding of system responses and
outcomes.
1.4 Limitations
This body of work is constrained and is subject to limitations. Objective 1 is constrained by
data access, quality, and availability. Much of the data required for the project scale could only
be obtained using census data, which is only collected every 10 years. Objective 2 is limited
by data availability and required field observation, data collection, and analysis. Models
developed for this objective utilize regional estimation methods and input from expert
knowledge. Objective 3 is constrained by time, access to the site, and financial resources.
Despite the disclosed limitations, the information gained from the work is valid and useful.
1.5 Delimitations
There are delimitations to the findings and observations of the body of work. Generalizations
may be safely made within the system-scale specified in each project. Some generalizations
will be restricted to the geographic location of the project. If other or more specific
delimitations are needed for results, discussions, and conclusive statements, it will be distinctly
stated.
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1.6 Definitions
There are several key concepts and terms which will be referenced for this body of work. This
section is necessary because of the vast use of many of the affiliate terms. This section will
clearly state the adopted definitions of the fundamental concepts and terms based on literature.
Vulnerability, resilience, and adaptive capacity are each facets of the same system response to
external forces and drivers (Gallopín, 2006). Resilience is often defined and largely accepted
as the ability of a system to recognize and adapt to unanticipated external stresses and
disturbances from social, political, and environmental change (Adger, 2000). A resilient
system should demonstrate three characteristics: reduced failure probabilities, reduced
consequences from failures, and reduced time to recovery (Chang and Shinozuka, 2004).
Vulnerability can be defined as the exposure to those same stresses and disturbances (Adger,
2006; Chambers, 1989).
Resilience Engineering refers to actions that include analyzing, monitoring, measuring
resilience, modeling systems to observe change in resilience, and efforts to improve the
resilience of the system (Hollnagel et al., 2006). RE should provide a means for dynamic
adjusting across a set of acute and chronic goals. RE devotes efforts to make observable the
organization’s model of how it creates safety, in order to see when the model is in need of
revision (Woods and Branlat, 2006).The objectives of resilience engineering are to (1) manage
and adjusts adaptive capacity, and (2) identifies vulnerabilities and risky behavior or exposure
to hazards (Woods and Branlat, 2006).
Adaptive capacity is the collective resources (e.g. physical, natural, economic, social), a
complex adaptive system possesses to cope or recover from disturbances and stresses. As
previously mentioned, the adaptive capacity of a system changes not only with changes in its
environment, but also with its internal evolution. The internal evolution is referred to as the
adaptive cycle. Adaptive cycles represent the phases of a system organization and function:
exploitation (r), conservation (K), collapse (W), and reorganization (a) (Walker et al., 2004).
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Environmental systems can be classified in many ways depending on the specific nature of the
system and purpose of the work. Some system classifications include ecological, hydrological,
socio-ecological, socio-hydrological, and ecohydrological, but all are recognized as complex
adaptive systems. Socio-ecological systems (SESs) are self-organizing systems that include
human and biophysical subsystems in mutual integration (Gallopin et al., 2001). SESs are
dynamic and evolve according to their adaptive cycle state (Gunderson and Holling, 2002).
Assessment of socio-hydrological systems share some similarities with socio-ecological
systems but require additional considerations. The socio-hydrologic framework: (1) establishes
normative water-use goals for both individuals and societies and (2) allows explanation and
interpretation of responses and outcomes (Sivapalan et al., 2014). Socio-hydrologic systems
are multiscale, interdisciplinary frameworks that focus on two-way coupling between human
and water systems (Sivapalan et al., 2014). Community resilience is a subset of socioecological systems because it is forged at the intersectional domains that characterize SES
(Faulkner et al., 2018; Wilson, 2011).Several fundamental aspects of resilience relate to
resilient communities, such as panarchy (Figure 1). The panarchy framework is a hierarchical
structure where natural and human systems are connected in continuous adaptive cycles of
growth, accumulation, restructuring, and renewal (Cutter et al., 2008).
1.7 Theoretical Framework and Roadmap
Resilience has developed over decades and across disciplines in an effort to understand
necessary aspects of complex adaptive systems. One of the first applications of resilience
theory was developed for ecological systems (Holling, 1973). Folke (2006; 2004) applied
resilience theory to socio-ecological systems which allowed them to define system feedbacks
and adaptive capacity. Ecological and socio-ecological systems are complex adaptive systems.
Complex adaptive systems possess a flexible and self-regulated nature that can be altered or
improved, providing the opportunity to cope or recover from disturbances. Comprehensive
methods of evaluating resilience help support decision-making and water resources
management (focus of Chapter 2). Because of this perspective, resilience has been applied to
many other complex adaptive systems, which has resulted in the discipline and field of RE.
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The need for RE, a consensus on defining RE, and continued development of RE are explicitly
called for in several studies. Understanding the intellectual state of the science related to
resilience and RE is challenging due to the cross-disciplinary evolution of the field and the
buzz word complex. The application of resilience to many types of complex adaptive systems
has led to confusion and need for consensus. Many affiliate terms such as robustness,
redundancy, resourcefulness, rapidity, and stability are often misrepresented as resilience. In
fact, these terms are all modifiable characteristics of resilience that vary with system phases
and scales (Birkland and Waterman 2009). The concept of resilience engineering comes from
the proactive idea of looking forward instead of the traditional looking back (Hollnagel 2008a).
Critical reviews of traditional error/risk analysis, including probability risk assessments, reveal
inherent flaws related to defining error and unpredictability of future disturbances (Epstein,
2008). Addressing general characteristics of resilience is an oversimplification which instead
requires explicitly defining and outlining the distinct aspects of RE.
First Aspect of RE: Monitoring
The first aspect of RE in need of further investigation is the measuring, monitoring, and
analyzing aspect (focus of Objective 1 and Chapter 3). The implementation of resilience or
vulnerability assessments in socio-hydrological systems must address the linkages between
thresholds, response and recovery, and adaptive capacity. Resilience enhancement is the
primary objective for these assessments and require consideration of uncertainty as well as the
need for monitoring, adjustment, and engagement for long-term planning (Wang and
Blackmore, 2009).
Measuring Vulnerability of Nepal Water Resources
Indicator-based frameworks have been developed for vulnerability assessments for various
spatial and temporal scales. Huang and Cai (2009) developed a guideline for assessing fresh
water resource vulnerability using indicators that reflect resources stress, population-based
development pressures, ecological insecurity, and management challenges. A basin-wide
assessment using this guideline was developed by Pandey et al. (2010), who concluded that
vulnerability in Nepal was related to poor management capacity. Pandey et al. (2011) focused
9
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on evaluating adaptive capacity metrics at different spatial scales (district, basin, country) and
presented an easily interpretable method. Babel et al. (2011) conducted a basin-wide
freshwater resource vulnerability assessment, utilizing water stress and adaptive capacity as
metrics, for the Bagmati River Basin in Nepal. The study revealed a moderate increase in
vulnerability over time due to scarcity and exploitation of water resources.
These vulnerability assessments have not considered development pressures such as
hydropower development, though various methods for evaluating impact of dams on
hydrologic connectivity and water resources have been developed. Grill et al. (2014) presented
a sophisticated method on river fragmentation and flow regulation by developing two indices:
river connectivity index (RCI) and river regulation index (RRI) for the Mekong River Basin.
Global and large scale studies with hydrologic data limitations, including Anderson et al.,
(2008); Nilsson (2005); and Vörösmarty et al. (2010) have implemented an effective and
simplistic metric.
Second Aspect of RE: Modeling
The second aspect of RE in need of further investigation is modeling (focus of Objective 2
and Chapter 4). Advanced modeling techniques such as Bayesian Networks (BNs) have
frequently been used for RE assessments attempting to bridge the gap between qualitative and
quantitative resilience assessments and determining crucial system dynamics (Yodo and
Wang, 2016). BNs have been shown to be powerful tools for modeling ecological and
watershed management systems, but require methodical testing and updating provided by
guidelines to ensure credibility (Ames et al., 2005; Marcot et al., 2006). BNs have even been
used to incorporate spatial variability and evaluating scenarios which provide more detail and
information for decision-makers (Morrison and Stone, 2014).
Modeling Wildfire Impacts
Wildfire impacted watersheds are vulnerable systems that could utilize BN modeling to better
understand, develop responses, and to mitigate negative impacts. The increase in number and
severity of wildfires, vital importance of water resources, exorbitant cost of fire management
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and restoration, and the risks of the wildland-urban interface (WUI) make decision-making
complex for natural resource management (Theobald and Romme, 2007). Riparian and
terrestrial vegetation are extremely important to ecosystem health and provide ecosystem
services (Brauman et al., 2007). Loss of vegetation due to wildfire, post-fire flooding, and
debris flows can lead to further degradation of the watershed and increased vulnerability to
erosion and debris flow (Cannon and Gartner, 2005). Land managers are charged with taking
measures to mitigate degradation of the watershed effectively and efficiently with limited time,
money, and data.
Third Aspect of RE: Building
The third aspect of RE in need of further investigation is methods for improving resilience or
building system resilience (focus of Objective 3 and Chapter 5). Considerations for building
resilience at the community scale is appropriate as many disasters occur at this level (Longstaff
et al., 2010). Understanding, modeling, and building community resilience after disturbances
or disasters has been the focus of many studies because of a theoretical shift in the evaluation
of natural-human systems from natural hazard vulnerability to resilience. Several theoretical
frameworks such as the community capital pyramid (Callaghan and Colton, 2008) and the
DROP (disaster resilience of place) model (Cutter et al., 2008) have been proposed. However,
model-focused disaster-resilient communities literature stops short of actual case studies,
which are needed in order to fully operationalize and realize the advantages of the concept of
resilience (Chang and Shinozuka, 2004).
Building Community Resilience
Case studies on building community resilience must address several considerations as there
are environmental, social, and economic aspects. Community resilience is also dependent on
exposure to external stresses. Communities can have different magnitudes of resources and
adaptive capacity, but have the similar levels of resilience (Longstaff et al., 2010). Economic
capacity of a community has a large effect on post disaster recovery as poor communities are
at greater risk for death, severe damage, and often less successful in mobilizing support after
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disasters. Actions to build collective resilience must engage local people to create
organizational relationships and protect naturally occurring social support in advance of
disasters (Norris et al., 2008). Community involvement builds adaptive capacity as it increases
stewardship and sharing of local knowledge (Berkes and Ross, 2013).
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2

DEFINING RESILIENCE
DEVELOPING FACTORS OF ECOHYDROLOGICAL RESILIENCE

ABSTRACT
All life relies on water. The abundance, scarcity, and capacity of hydrological systems impact
resilience and vulnerability of social and ecological systems everywhere. Socioecohydrological systems encompass this convergence. Resilience theory provides a structured
way of defining these systems, developing factors, and identifying points of strength and
vulnerability. Defining these systems and the influential factors driving them is necessary in
order to understand system behavioral response to stresses. This fundamental knowledge of a
system can then be used to inform the reduction of potential disaster risk. Comprehensive
methods of evaluating resilience help support decision-making and water resources
management. Two approaches are presented. One approach presented is an internal assessment
in which the system is defined using a resilience lens and another is an external assessment in
which the resilience of the system is evaluated after the system framework has been developed.
These contrasting approaches to ecohydrological resilience are implemented in two studies,
Nepal (Chapter 3) and New Mexico, US (Chapter 4), where diverse conditions exemplify the
use of these methods for a range of system conditions and stresses.
Keywords: Vulnerability; Adaptive Capacity; Framework; Transformation, Ecohydrological
Resilience
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2.1 Introduction
Ecohydrological systems are complex and dynamic, with influences from physical to
biological, cultural to economic. Efforts to understand the vulnerability of riverine landscapes
demonstrate the need for interdisciplinary work addressing hydrology and ecology with a focus
on resistance, resilience, and buffering capacity (Janauer, 2000). These systems have dramatic
impacts on human safety, environmental safety, and natural resources. Resilient systems are
able to tolerate the stresses of development, disasters, and the changes in between. Resilience
theory provides a structured way of defining a system and identifying points of strength and
vulnerability (Hosseini et al., 2016). Defining the system and influential factors is necessary
to understand system behavioral response to stresses. This fundamental knowledge of a system
is necessary for disaster risk reduction (Chang and Shinozuka, 2004). Comprehensive methods
of evaluating resilience help support decision-making and water resources management.
This chapter discusses frameworks for developing various factors, their influences, and
constraints necessary to assess the resilience of socio-ecohydrological systems. Two case
studies are presented to illustrate these frameworks in Chapter 3 and Chapter 4.
2.2 Definitions and Theory
Resilience has been defined and largely accepted as the ability of a system to cope with external
stresses and disturbances from social, political, and environmental change (Folke and Berkes,
2000). Vulnerability can be defined as the exposure to those same stresses and disturbances
(Adger, 2006; Chambers, 1989). Resilience and vulnerability provide different perspectives
and ways of illuminating strengths and weaknesses of a system. This is because resilience,
vulnerability, and adaptive capacity are each facets of the same system response to external
forces and drivers (Gallopín, 2006). These relationships are important to environmental
systems because there is a need to understand system responses to disturbances, which can be
described by these relationships.
Environmental systems can be classified in many ways depending on the specific nature of the
system and purpose of the work. Some system classifications include ecological, hydrological,
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socio-ecological, socio-hydrological, and ecohydrological, but all are recognized as complex
adaptive systems. The purpose of this chapter is to address ecohydrological systems and the
purpose of this handbook is to build resilience. For this chapter, building resilience is achieved
by increasing adaptive capacity of the system and/or by reducing the exposure to system
stresses. It is necessary to consider the human component to build resilience of impacted or
impaired systems and therefore this chapter will address socio-ecohydrological systems.
Socio-ecohydrological systems are inherently unique. Their many differences include ecology,
climate, geography, and culture, all of which require consideration when evaluating their
resilience. These differences reflect in variable behaviors, responses, and vulnerabilities and
therefore the resilience of the system. These differences prompt a need for a detailed
understanding and individualized assessment of each system. However, many systems share
an increasing vulnerability to modern growth and globalization (Walker and Salt, 2012). This
commonality demonstrates a need for an organized approach that can be applied to these
distinct systems. This chapter works to serve as a guide address this need.
Information about these individual system classifications (i.e. ecological, hydrological, socioecological, socio-hydrological, and ecohydrological, etc.) are relevant and can provide clarity
to the dynamic and complex nature of socio-ecohydrological systems. Functionality and
organization of these systems evolve through the growth (r), conservation (k), collapse (W),
and reorganization (a) phases of the adaptive cycle shown in Figure 2a. The adaptive cycle
models the system regime because it goes through phases and still retains its identity. System
behaviors such as strength of internal connections, flexibility, and resilience are different from
one phase to another (Walker and Salt, 2012). Panarchy, the framework of natural rules
connecting hierarchical adaptive cycles, also applies and establishes connections and
relationships between systems at different scales and is shown in Figure 2b (Gunderson and
Holling, 2002). An example of a set of scales in a socio-ecohydrological system would be a
watershed, tributary, and lake. Investigating resilience at various scales reveal behaviors and
triggers specific to that scale as well as feedbacks between scales (Allen et al., 2014). Crossscale interactions are critical, as resilience of a system defined at one scale depends on
influences from scales above and below (Woods and Branlat, 2006).
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Figure 2. (a) Adaptive Cycle and (b) Panarchal Perspective (Gunderson and Holling, 2002)

To develop an understanding of the system behavior and response, it is necessary to develop
an understanding of the system disturbances which manifest as shocks or stresses. Shocks for
socio-ecohydrological systems include events such as wildfire, landslides, hurricanes,
earthquakes, and oil spills. Often these events lead to sustained stress such as poor water quality
conditions for a prolonged period of time (Benson and Craig, 2017).
An example of an event leading to sustained stress for a socio-ecohydrological system is
wildfire which alters the landscape leaving a hydrophobic ash layer causing debris flows and
impacting ecosystems and drinking water supplies (Certini, 2005). When these system
disturbances occur, the system is forced into one of the following threshold responses:
1. No threshold response- Most system variables observe this linear response with no
dramatic change in behavior (e.g. diverting water from reservoir storage).
2. Step change- This response occurs when a small change in a controlling variable leads
to a large change in the system once a threshold has been reached. It has a reversible
response crossing back (e.g. heat release from water changing to ice and then heat
absorption back to water; a brief large reduction in river flow leading to loss of aquatic
ecosystem, which reestablishes with return of flow).
3. Altered stable state- This response is a shift to a different regime (e.g. algal blooms and
fish kills with the introduction of phosphorous in a lake system).
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4. Irreversible change- This response is caused when a threshold is crossed, and the
system is shifted into a different regime permanently (e.g. species extinction).
Understanding system specific thresholds is crucial to the state of the system as they
characterize the safe operating space or limits of the system or regime (Walker and Salt, 2012).
Efforts to reduce the risk of crossing a threshold are addressed by building resilience. These
thresholds can also shift because of other changes in the system making it even more
challenging to characterize them. If these critical thresholds are crossed, the system will no
longer function in the same capacity.
Although identifying thresholds can prove difficult, triggers can be used to identify the
approaching or crossing of a threshold. Trigger indicators are monitored to recognize when a
variable or system is approaching a threshold (Gunderson et al., 2010). Triggers signify
changes to regimes, such as a shift in annual stream flow patterns, as well as shifts in phases
of the adaptive cycle, such as changing from winter to spring (Walker and Salt, 2012).
Crossing thresholds can be avoided or systems can be engineered to cross back into a desired
regime by utilizing their adaptive capacity (Walker and Salt, 2012). Coping ranges or adaptive
capacities that absorb shocks and stresses caused by disturbances are flexible and change like
the dynamic systems they are a part of (Smit and Wandel, 2006).
Socio-ecohydrological systems’ adaptive capacity can manifest in several ways including
physical capacity, natural capacity, human resource capacity, and economic capacity. The
Nature Conservancy Rio Grande Water Fund, a collaborative charter which focuses on multientity efforts to mitigate wildfire risk on forested uplands and river restoration in New Mexico,
is a contributor to both human resource capacity and economic capacity (Benson and Craig,
2017). The collaborative includes public and private partners that cross social, managerial, and
governing boundaries providing an opportunity for businesses, organizations, and agencies to
work together. Funding for this project is secured from both public and private investors, and
its nature allows for projects to take place on public and private land, which is often a major
limitation with large watershed scale initiatives. Other examples of these capacities are
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reservoir storage as physical capacity, mountain snowpack as natural capacity, sense of
community as human resource capacity, and flood emergency funding as economic capacity.
The next section presents some of the common issues and challenges associated with socioecohydrological systems.
2.3 Socio-Ecohydrological Resilience Issues, Challenges, and Considerations
There are many challenges unique to each socio-ecohydrological system, however one very
common shared issue is the silo issue. Every system has stakeholders with a breadth of
knowledge from governing regulations, to scientific and financial resources, to traditional
ecological knowledge. Often, a platform for the easy sharing of information does not exist. For
example, an entity may have traditional ecological knowledge passed down for generations but
does not share this knowledge and therefore is not included in the decision-making. Lack of
communication and collaboration among stakeholders regarding financial and other
information resources can result in redundant and inefficient efforts. There may be ongoing
land restoration work that is successfully reducing the risk of severe wildfires, but the
responsible parties may be unaware of available funding to continue the program. Though there
is funding available, the lack of knowledge by management may put the program in jeopardy.
A mechanism to cross domains is needed to avoid this situation. It is critical to look at resilience
of all domains, social, ecological, and hydrological, coherently when considering socioecological resilience.
Disturbance is part of systems and system development. Preservation and prevention efforts
can potentially cause larger disturbances. A prime example can be seen in the fire-suppression
management practices enacted in the US in the 20th century, which have evolved the forests
into dense and water-stressed areas at high risk of fire. These practices wrongly assumed
natural resource managers have serviceable knowledge of ecological systems and can predict
impacts of a proposed action (Benson and Garmestani, 2011). Strategies such as pathology of
natural resource management (Holling and Meffe, 1996), which focus on preservation at all
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cost, may cause accumulation of disturbances that hit socio-ecohydrological systems at larger
scales (Berkes et al., 1998).
Once the resilience of a socio-ecohydrological system has been evaluated, management of the
system should include monitoring resilience. Consideration for monitoring, adjustment, and
engagement for long-term planning is needed since resilience enhancement is the primary
objective for developing factors and performing these assessments (Wang and Blackmore,
2009). While there are many different ecosystem services, all are closely linked to one another
by water. The system can be addressed as a whole, focusing on ecological health/ecosystem
health. Managing and regulating limitations and abilities must be taken into consideration, as
they may conflict with aspects of resilience practices (Gunderson and Light, 2006). While most
institutions focus on monitoring obvious indicators, few have the flexibility to direct resources
to monitor emerging properties efficiently and cost-effectively (Benson and Garmestani,
2011).
It is important to recognize domain value in order to secure the capacity to sustain life.
Establishing the human benefit demonstrates the interconnectivity and is one clear motive to
assess and maintain socio-ecohydrological resilience. The goods produced by terrestrial and
aquatic ecosystems such as crops (agroecosystems), timber, (forest ecosystems), and grazing
(grassland ecosystems) should be acknowledged. The ecosystem services such as creating
buffer zones from natural hazards and disturbances, regulating carbon dioxide through
photosynthesis and respiration, and improving water quality through denitrification, also add
value. These systems have hydrologic value as they provide hydrologic services (Brauman et
al., 2007), contributing to the amount and location of water availability with processes such as
ground water infiltration and retention of surface water runoff.
Unique solutions have cascading effects on the socio-ecohydrological system. The Nature
Conservancy Rio Grande Water Fund is a project that exemplifies that effect on mitigating
wildfire risk in the semi-arid landscape. Between 2014 , when the initiative launched, and 2018
the Rio Grande Water Fund treated 108,000 acres with thinning, controlled burns, and
managed natural fires (2018 Water Fund Annual Report, 2018). This collaborative charter was
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fostered by the Nature Conservancy of New Mexico, a non-profit organization, to focus multientity efforts on forested uplands and river restoration. The project allows any entity to join as
a collaborator and has grown a large network and even become a model to be adopted by other
socio-ecohydrological systems including California, Colorado, Idaho, Montana, Nevada, and
Cape Town, South Africa (2018 Water Fund Annual Report, 2018).
The next section utilizes this information to present a method for developing factors for
assessing and building ecohydrological resilience.

2.4 Methodology
Investigating ecohydrological resilience of a system requires a detailed understanding of the
system which can be described by a framework. Fundamental aspects and how they connect to
the rest of the system can be presented in a framework which can be a resilience theory-based
framework or a system process-based framework. The framework identifies key variables of
the system and describes how the variables are related to other components of the system.
Developing these variables and describing their system functionality in a framework is
necessary to understand system behavioral response(s) to stresses, including disasters. This
fundamental system knowledge is necessary for any potential disaster risk reduction.
The framework is constructed after aspects, components, and variables of the system have been
identified and characterized. Identification and characterization is accomplished through the
following procedural steps that have been adapted from previous work including Allen et al.
(2014); Cosens and Gunderson (2018); Gunderson et al. (2010); Walker and Salt (2012):
1. Define the system- In order to define the system, the scope of the assessment must be
well established. What is the primary issue of concern for the socio-ecohydrological
system? Based on the primary issue, what is the goal? Establishing a clear goal or
desired outcome is achieved by targeting either general resilience or specified resilience
(Walker and Salt, 2012). General resilience is the ability of the entire system to absorb
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all kinds of disturbances. An example of specified resilience is the survivability of
cottonwoods from a reduction in peak flow releases from an upstream reservoir.
Establishing boundaries is another requirement of defining the system. The boundary
types include:
a. Physical boundaries (e.g. watersheds, etc.)
b. Temporal boundaries (e.g. 5-year, 10-year, 25-year periods)
c. Governing/Managerial boundaries (e.g. water utility authorities, tribal, federal,
state, city, county, state, national, districts, provinces)
d. Social boundaries (e.g. urban, rural, suburban, cultural, religious)
Investigating these boundaries will help identify larger and smaller scale systems and
their cross-scale interactions.
2. Define the stress(es)- Setting the target of either general or specified resilience provides
the opportunity to define stress(es) of the system. With general resilience, there are
many stresses the system will experience, while specified resilience will prompt only a
couple of stresses. How often does the disturbance occur and is the frequency
changing? What component of the system is most effected and what is the severity?
Are there anticipated future disturbances? Answering these questions can help
characterize the identified stress(es) of the system.
3. Determine thresholds, triggers, and capacities- All three domains (social, ecological,
and hydrological) should be considered when listing potential thresholds of concern.
The degree of certainty for the threshold should also be noted. Typically, many
variables are influenced by a disturbance, a trigger indicator or threshold-associated
slow-changing variable may help manageably track the system status (Gunderson et
al., 2010). What are the components that contribute to the adaptive capacity? What
contributes to physical, natural, human resource, and economic capacity? Listing the
contributors to adaptive capacity help identify the ability and flexibility of the system.
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4. Assess vulnerability, resilience, and adaptive capacity- The information developed
over the previous steps is used to concisely assess the system’s resilience. With these
assessments the resilience can be periodically monitored to maintain an understanding
of the system status. This step is used to address the following questions: How
vulnerable is the system? Based on the adaptive capacity of the system, how resilient
is the system to the defined stress(es)? What adaptive capacities could be addressed to
build the resilience of the system?
These procedural steps have been applied qualitative to quantitative in many ways (Hosseini
et al., 2016) and generally follow one of two approaches presented in this chapter. One
approach presented is an internal assessment in which the system is defined using a resilience
lens and is discussed in Chapter 3. Another approach presented is an external assessment in
which the resilience of the system is evaluated after the system framework has been developed
and is discussed in Chapter 4. Providing these different approaches demonstrates the flexible
application of frameworks based on specific situations including different system scales,
geographical locations, and knowledge about the systems. Vulnerability assessment
frameworks are more readily applied to built environments while system frameworks are well
aligned with system processes understood by the interconnectivity of socio-ecological systems.
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2.4.1

Vulnerability Assessment Framework

Vulnerability assessment frameworks (VAFs) are needed because otherwise vulnerabilities of
a socio-ecohydrological system might not be discovered until there is a shock to the system.
In the case of India’s driest regions, Ladakh shown in Figure 3, a large spike in water demand
brought on by domestic tourism has magnified the water stress. The unprecedented domestic
tourism was brought on by the popularization of Lake Pangong in a Bollywood film;
inadvertently linking pop-culture to water exploitation, and scarcity. The vulnerabilities that
are now very visible are domestic tourism population growth, mismanaged water resources,
and increased drought conditions brought on by climate variations (Spindle, 2019). The system
is now in a reactionary high-risk state instead of a proactive state with time to explore solutions
that would be revealed with the use of a VAF. Surges in high water-use visitors caused hotels
to drill deeper wells, depleting the aquifer, impacting agriculture, and causing interstate legal
battles over control of surface water from rivers (Spindle, 2019). Surface water availability
directly impacts aquatic, riparian, and terrestrial ecosystems. Increased water stress in India
has revealed the socio-ecohydrological interconnectivity. This example of a cascading system
response demonstrates the dimensional interconnectivity that is characterized in VAFs.

Figure 3. Map of Ladakh, India (Spindle, 2019)
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VAFs model the resilience of the system, framing the system in terms of stresses and
capacities. The framework is developed during the procedural steps discussed in Section 2.4.
The stresses and capacities of the system are represented as nodes in the framework. How those
nodes relate to the vulnerability and resilience of the system depend on the adopted theoretical
relationship. For example, resilience can be expressed as a relative complement of
vulnerability and it is dependent on adaptive capacity (Smit and Wandel, 2006). Most often,
socio-ecohydrological systems are evaluated in terms of water stress. There are many
approaches to defining the relationship between water stress and adaptive capacity as they
relate to vulnerability including a deductive method (Liu et al., 2013), averaging method
(Alessa et al., 2008), simple quotient method (Babel et al., 2011; Fontaine and Steinemann,
2009), as well as others. These methods create sub-parameters that characterize the
contribution to overall water stress and adaptive capacity. The model outcome is the resilience
of the system and can be either qualitative or quantitative. Discussion-based vulnerability
assessment frameworks are the most commonly used to evaluate socio-ecohydrological
systems. They allow for the easy collaboration of various stakeholders. Multiple parameters
can be compared and assessed at once using thresholds in an index-based approach. VAFs
provide a foundation that can be easily assessed and interpreted. However, VAFs have
difficulty with linkages between benefits and negative impacts of a specific component
because they are defined as contributing to either a stress or capacity.
An implementation of a VAF is presented in Chapter 3.
2.4.2

System Framework

Management and planning can mitigate system vulnerability by building resilience. As an
example, co-restorative management practices are being used on the Four Daughters Ranch in
Valencia County, New Mexico, US. This ranch is a microcosm of the larger socioecohydrological system. The proactive soil health management practices being implemented
demonstrate an understanding of a system framework as it pertains to ranching in New Mexico.
These practices are targeted at preventing overgrazing of cattle pastures and causing a decline
in soil health, which would push this system state across an irreversible change threshold by
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causing desertification, erosion, or the spread of invasive species or non-native plants. The
Four Daughters Ranch management works closely with the New Mexico State University
Agricultural College and US Department of Agriculture’s Natural Resource Conservation
Service to study soil, vegetation, and wildlife conditions (Davis, 2019). Combining rural and
urban conservation practices between these stakeholders is an example of knowledge sharing
that can be represented as a well-functioning link between social and physical boundaries in a
system framework (SF). The ranch prevents overgrazing of pastures by moving cattle using
supplemental feed and solar-powered groundwater pumping to irrigate pasturelands.
Another example of a system approach to mitigating vulnerability and increasing system
resilience can be seen in the water resources strategies employed in Albuquerque, New
Mexico, USA. When Albuquerque discovered rapid declines in regional ground water levels
in the 1990s, its water utility authority realized that its primary source of drinking water was
significantly smaller than had been previously assumed. The Water Utility Authority adapted
which resulted in an aquifer rebound. Understanding SF linkages between aquifer drawdown
and water usage moved the water utility authority to implement water conservation programs
and develop additional surface water sources. Groundwater levels have risen 9m (30ft) to 12m
(40ft) from 2008 to 2016 in the Middle Rio Grande River basin, located in New Mexico. New
Mexico is the most water-stressed state in the United States according to the World Resource
Institute which was determined using a water stress framework (Hofste et al., 2019). Despite
the fact that it is a water-stressed system, the system-level connectivity allowed the Water
Utility Authority to build resilience through increasing adaptative capacity. Adaptive capacity
was increased through municipal water-reduction programs and a water infrastructure project.
The San Juan Chama River project has helped the city of Albuquerque reduce their
groundwater withdrawals by 67% from 2008 to 2016 by diverting water from one basin to
another as part of a diversion of water allocated to New Mexico under the Colorado Interstate
Water Compact (Theresa, 2019). SFs help build adaptive capacity of socio-ecohydrological
systems by providing decision-makers with transparency of the system’s interconnectivity.
This increased understanding has led to complementary projects, policies, and initiatives that
support system resilience.
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Utilizing a SF approach, the system is defined by its drivers/components and the resilience of
the system is externally assessed after the system framework has been developed. A SF is
flexible because it builds off existing models, networks, and/or frameworks. They can be
adapted from conceptual or physical models that can be comprised of social, hydrological,
and/or ecological components. They incorporate specified expert knowledge of the system
such as a food web, water balance, or a physical process model. Once the system framework
has been developed, it is assessed using the procedural steps discussed in Section 2.4. The
procedural steps are enacted analytically in either a qualitative or quantitative manner by
denoting which SF aspects (e.g. a node, a link, a scale) represents a resilience feature (e.g.
stress, capacity, threshold). Quantitative approaches range widely and include general
measures, probabilistic approaches, deterministic approaches, structural-based models,
optimization models, simulation models, and fuzzy logic models (Hosseini et al., 2016). The
ability to construct a framework based on existing process-based frameworks of models is a
strong advantage of SFs. It is often difficult to anticipate, model, and describe the stress
imposed on socio-ecohydrological system using a SF approach. Despite the limitations, these
frameworks help identify areas for building adaptive capacity or reducing exposure to stresses
or in other terms building resilience.
An implementation of a SF is presented in Chapter 4, a quantitative example which addresses
the procedural steps through a sensitivity analysis (entropy analysis) of a network structure
framework.

2.5 Summary and Conclusion
There is inherent value in creating a framework to develop factors for socio-ecohydrological
resilience. The two framework approaches, vulnerability assessment framework and system
framework, provide a clear guide which can be replicated for any socio-ecohydrological
system. They can be applied to systems regardless of their data diversity or limitation. The
modularity/flexibility of the approaches in this chapter allow for the implementation across
different system scales and geographical location. These framework approaches can be
repeated for adjacent systems and be used for continued monitoring overtime. With the
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attempts of interventions to build resilience, assessments of the framework can clearly monitor
for improvement of the system. Understanding the system’ specific capacities provides
knowledge of available resources to address impacts of stresses that are the biggest contributors
to the systems vulnerability. The two approaches possess these values but have different
advantages and limitations that address a wide range of understanding of specific socioecological systems. The advantages and disadvantages of VAFs and SFs should be considered
when deciding on which of the two framework approaches to apply to a specify system.
Building resilience of socio-ecohydrological systems comes at a cost. Managing the system
resilience requires periodic evaluation of system resilience and regularly monitoring of trigger
indicators. These complex adaptive systems are in a constant state of change. The frameworks
described in this section serve as a tool that should be continually referred to for a qualitative
or quantitative reassessment. Incorporating resilience into the management of a socioecohydrological system means embracing losses in efficiencies. Water conveyance in streams
is a great example, there losses to evapotranspiration and groundwater serve a vital role for the
aquatic life and riparian vegetation.
The cost to implement interventions may be great, but the cost of not doing it may be greater.
The Los Angeles Water and Power Department moved forward with a unique solution for one
of their drinking water reservoirs. They used shade balls to stop the formation of bromate, a
reaction byproduct from chlorine, bromide, and UV radiation. The high-density polyethylene
(HDPE) balls were a less expensive alternative to others including tarping the reservoir and
building an enclosed storage tank. Reduced evaporation losses and cooled water temperatures
added value beyond solving the water quality issue. It has received criticism for being waterexpensive including the water used to produce the balls (Grennel, 2018), but no action would
have resulted in the continued exposure of city residents to bromate.
Transformation of the system may become the goal of an impaired socio-ecohydrological
system. In this situation, resilience management will reduce the resilience of the existing
regime and enhance the resilience of a desirable regime/state (Walker et al., 2002). Discussions
of intentional transformation are held once all interventions aimed at improving socio-
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ecohydrological resilience have been considered. Interventions include (1) financial, (2)
management, (3) educational, and (4) political and institutional (Gunderson et al., 2010). The
knowledge gained from using a framework to monitor to ecohydrological system resilience
can inform interventions and whether system transformation is eminent or should be planned.
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3

MEASURING RESILIENCE
AN INDEX-BASED APPROACH TO ASSESS WATER RESOURCE
VULNERABILITY

Objective 1 – Advance a water resource vulnerability index-based assessment of a largescale socio-ecological system in Nepal.
ABSTRACT
Resilience is essential to the integrity of socio-hydrologic systems, especially when faced with
stresses caused by natural hazards and economic development. Nepal has seen both in recent
years. The objective of this study is to construct and implement an indicator-based approach
to assess socio-hydrological systems with new metrics to evaluate the influence of hydropower
development. We adopted a conceptual framework in which resilience is a relative complement
of vulnerability and dependent on adaptive capacity. The framework has eight vulnerability
parameters: water variation, water scarcity, water exploitation, water pollution, natural
capacity, physical capacity, human resource capacity, and economic capacity. Hydropower
development was incorporated into a modified resilience framework to explore the sociohydrological impacts. This holistic approach revealed that although hydropower development
contributes to water stress, it can also increase adaptive capacity. In addition, this study
strengthened the argument for indicator-based approaches to evaluating socio-hydrologic
systems, particularly when evaluating hydropower development, which impacts numerous
economic and hydrologic systems. This type of framework is particularly needed in developing
countries, such as Nepal, where water resource development is rapidly increasing and changing
traditional socio-hydrologic systems. This study advances previous vulnerability assessment
methods by improving several water stress and adaptive capacity indices necessary to
determine the vulnerability of socio-hydrologic systems. This study addresses RE.1 measuring
aspect of resilience engineering and the large scale of panarchy.
Keywords: Vulnerability, Water Stress, Adaptive Capacity, Nepal, Indicators, Hydropower
Development, Resilience
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3.1 Introduction
Resilience is essential to the integrity of socio-hydrologic systems, especially those facing
dramatic stress or change such as natural hazards and economic development. Sociohydrologic systems are multiscale, interdisciplinary frameworks that focus on two-way
coupling between human and water systems (Sivapalan et al., 2014). The primary focus of
resilience research includes theoretical and qualitative interpretations. Comprehensive
methods of evaluating resilience for the purpose of supporting decision-making and water
resources management are needed. Although several methods for quantifying resilience have
been developed, previous efforts have not incorporated hydropower development (Babel et al.,
2011; Huang and Cai, 2009; Pandey et al., 2011). This type of framework is particularly needed
in developing countries, where water resource development is rapidly increasing and changing
traditional socio-hydrologic systems.
Vulnerability, resilience, and adaptive capacity are each facets of the same system response to
external forces and drivers (Gallopín, 2006). Resilience has been defined and largely accepted
as the ability of a system to cope with external stresses and disturbances from social, political,
and environmental change (Adger, 2000). One of the first applications of resilience theory was
developed for ecological systems (Holling, 1973). Folke (2006) and Walker et al. (2004)
applied resilience theory to socio-ecological systems and defined system feedbacks and
adaptive capacity. Vulnerability can be defined as the exposure to those same stresses and
disturbances (Adger, 2006; Chambers, 1989). We utilize a specific and quantitative
relationship between resilience and vulnerability, as discussed in Section 2.
Socio-ecological systems are dynamic and evolve according to an adaptive cycle that consists
of four phases: growth, conservation, collapse, and reorganization (Gunderson and Holling,
2002). Assessment of socio-hydrological systems share some similarities with socio-ecological
systems but require additional considerations. The socio-hydrologic framework: (1) establishes
normative water-use goals for both individuals and societies and (2) allows explanation and
interpretation of responses and outcomes (Sivapalan et al., 2014). The implementation of
resilience or vulnerability assessments in socio-hydrological systems must address the linkages
between thresholds, response and recovery, and adaptive capacity. Resilience enhancement is
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the primary objective for these assessments and requires consideration of uncertainty as well
as the need for monitoring, adjustment, and engagement for long-term planning (Wang and
Blackmore, 2009).
Indicator-based frameworks have been developed for vulnerability assessments for various
spatial and temporal scales. Huang and Cai (2009) developed a guideline for assessing
freshwater resource vulnerability using indicators that reflect resources stress, populationbased development pressures, ecological insecurity, and management challenges. A basinwide assessment using this guideline was developed in Nepal by Pandey et al. (2010), who
concluded that vulnerability in Nepal was related to poor management capacity. Pandey et al.
(2011) focused on evaluating adaptive capacity metrics at different spatial scales (district,
basin, country) and presented an easily interpretable method. Babel et al. (2011) conducted a
basin-wide freshwater resource vulnerability assessment, utilizing water stress and adaptive
capacity as metrics, for the Bagmati River Basin in Nepal. The study revealed a moderate
increase in vulnerability over time due to scarcity and exploitation of water resources.
However, the work of Babel et al. (2011) did not include stresses related to increased dam and
reservoir construction in Nepal.
Based on a review of vulnerability studies and resilience literature, we adapted a vulnerability
index based on census and hydrologic data and established several water stress and adaptive
capacity indices necessary to determine the vulnerability of a socio-hydrologic system. This
approach builds off the work of Babel et al. (2011), in which eight vulnerability parameters
were used to assess the capacity of a Nepalese river system to water stress. We included two
additional indicators, dam density and reservoir storage capacity, to quantify the impact of
hydropower development. These indicators were incorporated into the water resource
exploitation parameter and physical capacity parameter, respectively, as described in Sections
3.3.1.2 and 3.3.1.3. Additional modifications were made to: (1) the water pollution parameter
to include river water quality data and (2) the water scarcity parameter to include household
access and resource management.
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Although various methods for evaluating the impact of dams on hydrologic connectivity and
water resources have been developed, the limited amount of hydrologic data in Nepal
constrained us to adopt a simple yet effective metric that has been applied in global and large
scale studies (Anderson et al., 2008; Nilsson, 2005; Vörösmarty et al., 2010).
3.2 Study Area
The Himalayan watersheds and rivers of Nepal are characterized as high altitude, high gradient
systems with significant glacial input and rich biodiversity. Many of Nepal’s rivers are
tributaries to the Ganges River in India. The diverse landscape of Nepal is comprised of five
major river basins; the Sapta Koshi, Sapta Gandaki, Karnali, Mahakali, and the Southern
Rivers. These basins makeup a total of 147,181 square kilometers (Sharma and Awal, 2013).
Unfortunately, the lack of widespread and consistent streamflow monitoring makes it
challenging to quantitatively describe the country’s hydrologic attributes.
The climate is often characterized by three distinct seasons: the summer season, the rainy
season, and the winter season. The summer season stretches from March to May and is
distinguished by high temperatures which contribute to rain and sleet in the form of local
convective storms (Shrestha, 2000). The major impact of climate in the region takes place
during the rainy season, from June to September, when the summer monsoon brings humid air
and torrential rainfall. The summer monsoon is extremely important to the prosperity of the
country’s agricultural industry. The winter season is the driest season in Nepal, characterized
by clear skies and cold temperatures from October to February (Shrestha, 2000). This climate
variability greatly influences socio-hydrologic systems and the ability for communities to
accommodate agricultural and household water needs.
Hydropower development has been a major objective in Nepal because of its suitable
topography, variable rainfall, and potential to export power to India and China. Nepal’s
hydropower potential has been widely debated for decades. There continues to be growth in
the licensing and construction of larger projects on a first-come-first serve basis (Shrestha,
2016). The first hydropower plant was built in 1911, though most hydropower development in
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Nepal has taken place in the 21st century (Sharma and Awal, 2013). Approximately 913 MW
of hydropower production already exists in the country, and another 3,793 MW has already
been licensed for construction by the Ministry of Energy’s Department of Electricity
Development (“Construction Licenses for Hydropower Dams,” 2017). The Ministry of Energy
has developed aggressive power production plans and projects a total of 11,480 MW of
installed capacity by 2030 (Sharma and Awal, 2013).
Nepal is comprised of 75 districts, 14 administrative zones, and 5 development regions.
Recently, with the adoption of the constitution in 2015, Nepal has restructured into 7 provinces.
For the purposes of this study and the period of interest, we evaluated the 5 development
regions: Eastern, Central, Western, Mid-Western, and Far Western (Figure 4 and Table 1).

Figure 4. The five development regions of Nepal.
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Table 1. Development Regions (Nepal and UNDP(2014))
No.

English name

Zones

Number of
Districts

Headquarters

Population

Area (km²)

1

Eastern
Development
Region

Mechi, Koshi,
Sagarmatha

16

Dhankuta

5,811,555

28,456

2

Central
Development
Region

Janakpur,
Bagmati,
Narayani

19

Kathmandu

9,656,985

27,410

3

Western
Development
Region

Gandaki,
Lumbini,
Dhawalagiri

16

Pokhara

4,926,765

29,398

4

Mid-Western
Development
Region

Rapti, Bheri,
Karnali

15

Birendranagar

3,546,682

42,378

5

Far-Western
Development
Region

Seti, Mahakali

9

Dipayal

2,552,517

19,539

3.3 Methods
We adopted a conceptual framework in which resilience is a relative complement of
vulnerability and dependent on adaptive capacity (Weisstein, 2018). The framework has eight
vulnerability parameters: water variation, water scarcity, water exploitation, water pollution,
natural capacity, physical capacity, human resource capacity, and economic capacity (Huang
and Cai, 2009). This work advances the research of Babel et al. (2011) by proposing indices
and indicators that depend upon readily available data. We also add new indices for evaluating
hydropower development into a modified resilience framework to explore socio-hydrological
impacts. The results were assessed with an emphasis on identifying specific areas in need of
improvement and potential solutions.
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3.3.1

Vulnerability Assessment Framework

A framework was developed to assess the vulnerability of socio-hydrological systems to water
resource disturbances as a function of water stress and adaptive capacity. We adapted previous
vulnerability assessment models to incorporate two additional indicators for hydropower
development: dam density and reservoir storage capacity. These indicators were incorporated
into the water resource exploitation parameter and physical capacity parameter as described in
and Sections 3.3.2.1.2. and Section 3.3.2.2.2. Additional modifications were made to the water
pollution parameter and water scarcity parameter. Figure 5 graphically represents the adopted
framework for this study.

Figure 5. Vulnerability Assessment Framework(adapted from Babel et al. (2011))
3.3.2

Vulnerability Index

There are many approaches to defining the relationship between water stress and adaptive
capacity as they relate to vulnerability, including a deductive method (Liu et al., 2013),
averaging method (Alessa et al., 2008), and simple quotient method (Babel et al., 2011;
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Fontaine and Steinemann, 2009). These methods create sub-indices for water stress (WSI) and
for adaptive capacity (ACI). For this study, we implemented the quotient method, shown in
Equation 1, as it accounts for magnification and dampening for high and low adaptive capacity,
respectively:

(1)
Descriptions of the WSI and ACI and their contributing parameters are presented below. The
index classification is presented in Table 2.
Table 2. Vulnerability Index Range
Vulnerability
Description
Index Range
1 or less
Little to no vulnerability
1-2
Moderate vulnerability
2-3
Significant vulnerability
3 or greater
Extreme vulnerability
3.3.2.1 Water Stress Index (WSI)
Water stress is the status of water resources in meeting overall demands including both socioeconomic and ecological obligations. Water stress is also a primary cause of deterioration of
freshwater resources (Huang and Cai, 2009). The WSI is composed of four weighted
parameters: water variation (WV), water scarcity (WS), water resource exploitation (WE), and
water pollution (WP). WSI is calculated as a summation of the four variables, shown in
Equation 2:

(2)
where WPi represents the water resource parameters and wi is its associated weight. An
explanation of weight assignments is presented in Section 3.2.3.
36

L. Jaramillo

3.3.2.1.1 Water Resource Variation (WV)
The water resource variation parameter (WV) accounts for potential temporal water shortages
due to resource variability. WV is determined by evaluating the relative standard deviation or
coefficient of variation (cv) of annual precipitation data for a 10-year period and establishing a
critical variance threshold. The critical variance threshold was set at 0.4 as an adjustment to
the work by Huang and Cai (2009) because of the short period of record. Once the threshold
is reached, the WV parameter value is set at the upper limit of 1 as shown in Equation 3:

(3)
3.3.2.1.2 Water Scarcity (WS)
Primary contributors to water scarcity (WS) are access, resource management, and water
quantity available. WS was estimated in previous studies and vulnerability assessment
guidelines using the Falkenmark water stress indicator as a description of water availability in
the country (Babel et al., 2011; Huang and Cai, 2009). We estimated WS using metrics that
describe the three primary indicators: percentage of the population with poor access to water
(p), adequacy of public drinking water facilities (a), and water availability using the
Falkenmark water stress indicator (f), as shown in Equation 4. Each contributor was weighted
equally. Poor access, for this study, was defined as water sources other than piped or household
connections (i.e. hand pumped, covered well, uncovered well, spout, stream/river, and other).
The Falkenmark water stress indicator is widely known and compares water availability to an
established minimum threshold of 1700 m3/capita/year (Falkenmark and Widstrand, 1992) and
is shown in Equation 5. The three indicators were aggregated using the standard error method,
Equation 4.
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(4)

(5)
The standard error represents the deviation from the optimal water scarcity parameter value of
zero. Each indicator represents a measure of water scarcity as a deviation from the optimal
value. The standard error method combines these indicators to represent a gross view of the
water scarcity deviation from the optimal value.
3.3.2.1.3 Water Resource Exploitation (WE)
Water resource exploitation (WE) is presented as the beneficial use of water resources and its
impact on sustainability. Beneficial use is characterized by energy harvesting, agricultural and
industrial use, and potable consumption. We calculated WE using the standard error method,
Equation 6. The indicators were dam density (Equation 7), normalized water resource
development rate () (Equation 9), and land degradation due to erosion, chemical deterioration,
and physical deterioration () (Equation 10). The water resource development rate () is the ratio
of total water use to water available. is normalized by a critical threshold of 0.4 established by
the UN Commission on Sustainable Development (Kjellen and McGranahan, 1997) as shown
in Equations 8 and 9.

(6)

(7)

(8)
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(9)

(10)
3.3.2.1.4 Water Pollution (WP)
Water pollution (WP) was calculated using major river water quality data and domestic nonpoint sources (NPS) of pollution. Water pollution was calculated as the average of NPS
pollution and water quality using Equation 11. For water quality, a modified water quality
index (WQI) (Equation 12), based on Global Water Quality Index Report (2007) was
implemented in order to represent all available water quality measures, both physical and
chemical (pH, TDS, DO, and BOD). Additionally, WQI has flexibility in terms of modification
based on available data. The WQI compares the observed measures to the World Health
Organization (2017) guideline targets with (Equation 13), the excursion (Equation 14), the
normalized sum of excursions (nse) (Equation 15), and extent of failure the excursion
(Equation 16). The NPS pollution was calculated as the percentage of households that do not
contain sanitation facilities (i.e. households without toilets).

(11)

(12)

(13)
(14)

(15)
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(16)
3.3.2.2 Adaptive Capacity Index (ACI)
Adaptive capacity, like water stress, is represented by a normalized composite index or
adaptive capacity index (ACI) composed of four parameters: natural capacity (NC), physical
capacity (PC), human resource capacity (HC), and economic capacity (EC). ACI is calculated
as a weighted summation of the four variables shown in Equation 17. Details on the weighting
methodology are presented in Section 2. 3.

(17)
where CPi represents a capacity parameter and wi is its associated weight.
3.3.2.2.1 Natural Capacity (NC)
NC can be defined as the environment’s ability to cope with water stresses. Major contributors
to the capacity are glacier area, snowpack, waterbodies, and vegetated area. These features
attenuate flows and runoff, provide hydrologic services, and contribute to the amount and
location of water in a watershed (Brauman et al., 2007). Glaciers, snowpack, and water bodies
serve as a natural buffer and are an indicator of natural capacity. Vegetation cover is
representative of forest area and wetlands and therefore an indicator of natural capacity (NC)
(Babel et al., 2011). We estimated NC as the percentage of area classified as forest, shrub,
water, and snow using national land use data. Our calculation modifies the method
implemented in Babel (2011) by adding glacier area, snowpack, and water bodies to the natural
capacity.

40

L. Jaramillo

3.3.2.2.2 Physical Capacity (PC)
The integrated capacity of farmers, local community members, and government entities to
divert water to meet water demand is defined as physical capacity (PC). Physical infrastructure
such as stream diversions, reservoirs, private and communal water distribution systems, and
pumping contribute to the adaptive capacity of the socio-hydrologic systems. We estimate PC,
shown in Equation 18, using irrigation coverage, drinking water coverage, and reservoir
storage capacity. Reservoir storage capacity was calculated as the ratio between estimated
hydropower dam storage and estimated total water use.

(18)
where I is irrigation coverage expressed as the percentage of total regional area that is irrigated,
wI=0.8 which is the fraction of water used for irrigation (Pandey et al., 2010), DW is drinking
water coverage expressed as the percentage of the region with access to safe drinking water
sources, wDw=0.2 which is the fraction of water used for drinking water (Pandey et al., 2010),
and S is the reservoir storage capacity expressed as annual water volume stored per estimated
water volume used.
3.3.2.2.3 Human Resource Capacity (HRC)
HRC can be defined as the sociological ability of a system that can help manage or adapt to
water stresses or disturbances. This parameter is also an indicator of an individual’s ability to
adapt to new conditions brought on by water stress. HRC is calculated by taking the average
of the literacy rate, the population that can read and write, and the economically active
population. The economically active population is expressed as a percentage. The calculation
follows the method implemented in Babel (2011).
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3.3.2.2.4 Economic Capacity (EC)
EC is the financial resource status of a socio-hydrological system that can help adjust or adapt
to water stresses or disturbances. One readily used indicator of financial status is the Gross
Domestic Product (GDP) Index (Nepal and United Nations Development Programme (Nepal),
2014). In order to account for cost of living and inflation rates, GDP per capita at purchasing
power parity (PPP) was used in the calculation of the GDP Index as shown in Equation 19:

(19)
3.3.2.3 Parameter Weighting
Parameter weighting was adopted from Babel et al. (2011) and Pandey et al. (2011), who
established the weights using the analytical hierarchy process (AHP). AHP is a rational multicriterion decision-making model that provides the means to identify relevant factors and
interrelations based on perception (Saaty, 1988). The model establishes a priority of each
parameter by creating a parameter hierarchy and then comparing the parameters to each other,
two at a time. The result is the priority or weighting of each parameter with respect to all other
parameters (Saaty, 1988).
AHP is valuable because of its structured ability to incorporate input from various perspectives
and establish an intensity of importance to develop a hierarchy for all criteria (Saaty, 2004).
Babel et al. (2011) conducted a survey consisting of 30 water resource related individuals
ranging from government agencies, nongovenment agencies, consultants, and academics. The
result is a parameter weighting based on societal, scientific, and governmental perspectives
(presented in Section 3.4), which is important for the interpretation and understanding of
system responses and outcomes.
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3.3.3

Data Collection

Data limitations were a notable factor for this study and the primary constraint for determining
the year for our assessment as 2011, the last census. Data was collected from previous studies,
government reports, census reports, and international organizations and institutions. Rainfall
data, water quality, and land use information was collected from Environmental Statistics of
Nepal (2014) . Social data including water use, sanitation, education, and employment was
extracted from Nepal Living Standards Survey (2011), 2011 National Census (2012), and
Nepal Human Development Report (2014). Hydropower data came from Construction
Licenses for Hydropower Dams (2017). A summary of this study’s data collection is presented
in Table 3.
Table 3. Data Collection Summary
Data

Data Source

Rainfall Data

Central Bureau of Statistics for National
Stations (2001 -2012 for 40 station)

Census Data

Central Bureau of Statistics (CBS) (2011),
Nepal

Water Resource
Availability

World Development Report 2011

Land cover data

CBS (2013) Environmental Statistics
Report; Department of Forest (Information
System Development Project for the
Management of Tropical Forest; Activity
Report of Wide Area and Tropical Forest
Resource Survey, March, 2001).

Hydropower data

Ministry of Energy, Government of Nepal

Irrigation data

Central Bureau of Statistics: National
Sample Census of Nepal (2011/2012)

Economic data

UNDP and GoN: Human Development
Report (2014)

Department of Hydrology and Meterology,
River water quality data Environmental Staticstics Report of 2013
(CBS, A compendium , 1998) table 6.13.

Drinking water source
data

Central Bureau of Statistics (Nepal), World
Bank. Nepal Living Standards
Measurement Survey 2010-2011.
Kathmandu, Nepal: Central Bureau of
Statistics (Nepal).
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3.4 Results
The vulnerability assessment was evaluated for all five development regions for 2011 and are
summarized in
Table 4. The detailed assessment results, including the tables used to determine parameter
values for each development region are presented in Appendix A. VI values ranged from 0.70
to 1.05, which can be compared to Table 2. for interpretation.
Table 4. Vulnerability Assessment Results
AHP
Weight
Water Stress Parameter
WR variation (WV)
0.11
Parameter

WR scarcity (WS)
0.33
WR
0.36
exploitation (WE)
Water pollution (WP) 0.2
Water Stress Index
(WSI)
Adaptive Capacity Parameter
Natural
0.25
Capacity (NC)
Physical
0.23
Capacity (PC)
Human
Resource
0.38
Capacity (HRC)
Economic
0.14
Capacity (EC)
Adaptive
Capacity
Index (ACI)
Vulnerability Index
(VI)

Far Western

Development Region
MidWestern Central
Western

Eastern

0.56

1.00

1.00

0.77

0.51

0.61

0.54

0.48

0.53

0.62

0.08

0.07

0.55

0.66

0.29

0.62

0.63

0.52

0.54

0.53

0.42

0.44

0.57

0.60

0.47

0.70

0.62

0.68

0.54

0.49

0.66

0.53

0.75

0.73

0.63

0.59

0.60

0.62

0.55

0.60

0.34

0.37

0.40

0.44

0.40

0.60

0.56

0.63

0.57

0.55

0.70

0.80

0.90

1.05

0.86
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The radar plots shown in Figure 6 and Figure 7 are a graphical representation of the WSI
parameters and ACI parameters, respectively, for each Development Region. Each parameter
is represented on the axes, all of which originate at the center of the graph.
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Figure 6. Development Region Water Stress Radar Plot
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Figure 7. Development Region Adaptive Capacity Radar Plot
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Overall the country experiences moderate water stress with the regional WSIs ranging from
0.42 to 0.60. The Western and Central Development Regions experience the highest water
stress of all five regions. Two major contributors are population density and hydropower
development, as both regions have a large population and the majority of dams, as shown in
Figure 8. The increase in population density causes an increasing demand on existing water
and wastewater infrastructure due to rapid development. The large hydropower development
in these regions tie up resource and hydrologically segregate the region, which is reflected in
the water exploitation parameter (WE). The Far-West, Mid-West, and Eastern Development
regions show a much smaller impact from hydropower development as there are fewer dams
in these regions.

Figure 8. Regional hydropower dam density
The Western Development Region had the highest adaptive capacity, although all five regions
had similar ACI values ranging from 0.55 to 0.63. A major limitation demonstrated in this
study, as well as others (e.g. Babel et al. (2011)), is the weak economic capacity (EC) in Nepal.
The inability to invest in permanent and robust water infrastructure leads to cheap temporary
solutions such as unimproved sanitation and a lack of household toilets, as reflected in the
water pollution parameter (WP).
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3.5 Discussion
The index-based vulnerability assessment is a flexible tool that identifies specific targets and
system components that are most vulnerable to stresses and is useful for targeting water
resource management decisions for improving the resiliency of socio-hydrological systems.
Critical reviews and adaptations are required to establish the most appropriate parameter
settings, relationships, and weightings (Grill et al., 2014). We modified and added to previous
work to account for hydropower development (Sharma and Awal, 2013) and improve
parameter characterization.
Our work is the first to apply a socio-hydrologic vulnerability framework for the entire country
of Nepal, which allows for comparison of water stresses and adaptive capacities of Nepalese
development regions. We chose to discretize our analysis using Nepalese development regions
because they were administrative boundaries that aligned with the resolution and availability
of data. We recognize the limitations associated with inferring generalized vulnerability of
Nepal using development boundaries, however, such as those described by the Modifiable Unit
Area Problem (MAUP) (Wong, 2009). Nepalese development boundaries are particularly large
and decreases in the spatial scales used in our vulnerability framework may highlight the
variability in sub-indices throughout the country. However, our approach is a step forward in
identifying areas of concern and sub-indices that should be the focus for water resource
management projects (e.g. build physical capacity, build economic capacity, strengthen human
resource capacity).
The water stress index (WSI) results highlight the variability of water challenges in Nepal and
future improvements to our framework. Although the works of Babel et al. (2011), Pandey
(2009) and Huang and Cai (2010) provided estimates of WP and WS indices, we improved
these indices by including water quality data from river systems. Since water quality problems
impact human and natural systems, this addition is useful for expanding our vulnerability
framework to include ecological assessments in the future. We found that WV had a large
negative impact on Western and Midwestern development regions, which highlights the need
for more hydrologic data collection in these regions and demonstrates the need for better
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parameterization of WV variables. The current determination of the parameter is dependent on
annual precipitation and does not include discharge data, which is important for characterizing
hydrologic variability. More accurate assessments of water variability could be beneficial for
many communities that rely on groundwater and stream diversions in the mountain and Terai
regions of Nepal.
Despite increasing hydropower development and financial and social resource limitations, only
the Central Development Region is categorized as moderately vulnerable based on our
assessment and the vulnerability index classifications presented in Table 2. These results are
consistent with the findings in Babel et. al. (2012), in which the vulnerability index was close
to 1. We found that our results nearly match Babel et al. (2012) for the Central Development
Region, which contains the productive Bagmati River Basin but posed data challenges for the
Babel et al. (2012) study, as well. In addition, one identifiable vulnerability from our
assessment scale was overall week economic capacity (EC) of the country especially in rural
regions such as the Far Western Development Region.
A unique aspect of our framework was the incorporation of hydropower development into both
the WSI and the ACI to reflect hydropower impacts and benefits. We found that hydropower
development generally weakened system vulnerability and provided little socio-hydrologic
benefit. The main hydrologic benefit of the hydropower development is reservoir storage
capacity, which dampens the effects of water resource variations and shortages. One potential
reason for the marginal benefit in Nepal is that storage doesn’t satisfy much of the water
demand. Figure 9 compares regional water use to dam storage and reveals the minimal
contribution of reservoir storage to demand. However, as hydropower development increases,
storage capacity could also increase and provide more adaptive capacity.
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Reservoir Storage Capacity Indicators
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Figure 9. Reservoir Storage Capacity Indicators
3.6 Conclusion
In this study, we advance previous vulnerability assessment methods by improving several
water stress and adaptive capacity indices necessary to determine the vulnerability of sociohydrologic systems in Nepal. In particular, we add adaptive capacity indicators for dam density
and reservoir storage capacity, and we modify water pollution and water scarcity sub-indices.
Our study reveals the relatively resilient state of Nepal’s socio-hydrologic systems and are
consistent with previous work. In addition, our study shows that the Western and Central
development regions, which are both highly populated and pressured by new hydropower
development, are the most water stressed but also have the highest adaptive capacities
compared to other development regions in Nepal. We recommend that future work focuses on
collecting better hydrologic data, considering the economic costs of increased adaptive
capacity, and implementation of our vulnerability framework at smaller spatial scales.
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4 MODELING RESILIENCE
MODELING RESILIENCE ASPECTS OF SOCIO-ECOHYDROLOGICAL
SYSTEMS TO DISTURBANCES

Objective 2 – Highlighting essential aspects of modeling resilience of socio-ecohydrological
systems by examining disturbed watersheds in the western US.
ABSTRACT
There remains a gap between conceptual models and practice of socio-ecohydrological
resilience indicating the need for application to real-world systems. Three hydrologic case
studies are presented, each highlighting an essential aspect of modeling resilience of socioecohydrological systems (SEHSs). Each aspect, shown in a case study, is necessary to build a
system resilience model for SEHSs. The first aspect establishes key system drivers through
data collection and synthesis. The second aspect emulates the forward-looking nature of
resilience by modeling various alternative states the system could experience such as burned
and unburned flood scenarios. The third aspect serves to consolidate the information from the
many elements of the system utilizing a system framework. Presenting these essential aspects
of resilience modeling through different watershed systems presents a perspective that allows
for general findings about applications of resilience modeling. This work serves to bridge the
knowledge gap needed for real-world applications. This study addresses RE.2 modeling aspect
of resilience engineering and intermediate scale of panarchy.
Keywords: Inundation; Bayesian Network, Floodplain; Riparian Vegetation; Resilience;
Socio-Ecohydrological; RE Modeling; system modeling
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4.1 Introduction
Disturbances such as wildfires, floods, and droughts shock socio-ecohydrological systems
(SEHSs) prompting them to be prepared and quickly adapt in order to avoid catastrophic
damage and loss (Johnston and Paton, 2006). SEHSs must adapt both quickly for immediate
risk and long-term for prolonged stress. Both are essential for the sustained existence of the
system. The ability for a system to adjust, known as adaptive capacity, is an aspect of resilience
(Adger, 2006; Gallopín, 2006; Smit and Wandel, 2006). Adaptive capacity requires a thorough
understanding of system-specific prevailing hazards, behaviors, and responses. Understanding
the system as a whole requires activities that involve all dimensions (i.e. social, built,
environment, economic) (Paton, 2006).
Methods and work that study and evaluate resilience parameters of socio-ecohydrological
systems are needed. Frazier et al. (2013) concluded, after development of an ecosystem
resilience index (ERI) using satellite image processing, there is a need for additional metrics
for ecosystem resilience. Such metrics continue to be investigated and include resilience
parameters using gross primary production, GPP (Grimm and Fisher, 1989), streamflow (Qi et
al., 2016), and water quality parameters (Hoque et al., 2012). These metrics serve as indicators
that represent an element of an entire SEHS. However, current metrics do not inherently lend
themselves to be intuitively and practically applied in an effective and efficient manner
(Ayyub, 2015).
Metrics should also have a set of necessary requirements to link them to other metrics and
enable aggregation at the system level (Ayyub, 2015). Qi et al.(2016) calls for their
development of an annual streamflow resilience parameter to be used in a SEHS process
model. Simple and linear theories, models, and methods have limitations that make them
unsuitable for characterizing complex systems which require advanced modeling techniques
(Qureshi et al 2007). In order to utilize the information at an influential scale or system scale,
holistic system approaches are needed (Fiksel, 2006). These models require a lot of support to
bring together information from experts in a wide range of different field (Fiksel, 2006). There
is a continuous development of conceptual models, assessment tool, and parameters aimed at

51

L. Jaramillo

assessing resilience of these SEHS dimensions. Several studies have developed tools (Resilient
Cities (Pickett et al., 2004)) , index methods (Babel et al., 2011; Frazier et al., 2013; Jaramillo
et al., 2018), and models (Kachergis et al., 2013) which call for integration of knowledge and
incorporation of adaptive management.
Current conceptual models lack application. Based on an extensive literature review performed
by Patriarca et al.(2018), there still remains a gap between developed theories and practical
application. Despite the high number of publications contributing to RE modeling, exploration
of practical applications still remains underdeveloped (Patriarca et al., 2018). Bridging this gap
requires the development of effective tools to synthesize information from different sources
including climate, hydrological, and ecological models.
While there has been a lot of theoretical exploration and conceptual model development for
improving and modeling resilience of SEHSs, there is concern that some of these developments
will not support or be used for practical application. These explorations need to support
practical use such as system framework assessments. System frameworks serve as valuable
assessment tools which help identify unique characteristics of the system (Woods and Branlat,
2006). The research resources necessary to develop a resilience model at the watershed-scale
are great, as demonstrated by Kachergis et al.( 2013) with their 6-year transdisciplinary STM
model. State-Transition Models (STMs) are vegetation management tools that reflect current
scientific understanding of ecosystem resilience.
Case studies were chosen to demonstrate aspects of resilience modeling. SEHSs are inherently
complex, requiring advanced modeling techniques for determining crucial system dynamics.
We utilize a Bayesian Network (BN) as a system framework that can be used in integrate
knowledge and data for complex system modeling. BNs have frequently been used for RE
assessments (Hosseini and Barker, 2016). Systems that are impacted by natural disturbances
are even more challenging to understand and model. These case studies were selected because
they are all disturbed watersheds. This work serves to show resilience modeling aspects
through hydrologic implementations. The work presented in this chapter is meant to be a
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foundation for discussing the integration of knowledge and system modeling for managing
SEHS resilience.
4.2 Approach
Three hydrologic case studies are presented, each highlighting an essential aspect of modeling
resilience of socio-ecohydrological systems. Each aspect of resilience modeling is represented
by a case study, are all necessary to build a system resilience model for SEHSs. The first aspect,
Section 4.2.1, establishes key system drivers through data collection and synthesis. The second
aspect, Section 4.2.2 emulates the forward-looking nature of resilience by modeling various
alternative states the system could experience such as burned and unburned flood scenarios.
The third aspect, Section 4.2.3, serves to consolidate the information from the many elements
of the system utilizing a system framework.
4.2.1

Data Collection and Synthesis

The first aspect of resilience modeling establishes key system drivers through data collection
and synthesis. Studying natural systems poses the constant challenge of data scarcity and
availability. Researchers and natural resource managers are forced to develop situation specific
solutions to learn about the system dynamics using available resources. The work presented in
this section demonstrates a practical approach to gathering information and using it in
conjunction with synthetic data.
Case Study
The Jemez Mountains of Northern New Mexico have been greatly impacted by forest fires
altering the way the hydrologic system functions. The Jemez Mountains have been subjected
to several wildfires since the early 2000s; the Cerro Grande Fire in May of 2000 (48,000 acres),
the Las Conchas Fire in June of 2011 (156,000 acres), and the Thompson Ridge Fire in May
of 2013 (24,000 acres). As part of the Jemez Mountains, Peralta Canyon Creek, located in
Kashe-Katuwe Tent Rocks National Monument, has undergone wildfire and successive
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flooding like the flood event of September 13, 2013. The flood completely reset the channel
due to the high volume of sediment, plugging the confluence of the Rio Grande. This reset
event left natural resource management in need of a better understanding of the post debris
flow effects and new methods for understanding the post-wildfire affects and watershed
recovery. We investigated immediate and long-term effects of fire driven changes in Peralta
Canyon hydrology in order to support management of the system by the US Bureau of Land
Management (BLM).
The first part of our study consisted of several meetings and an initial site visit with BLM field
researchers. These initial activities started an exchange of local knowledge which included
event history, previous studies and field campaigns, available information and data resources,
hypotheses, and field campaign ideas. We then developed a set of influential system drivers,
including sediment transport, seepage losses, and flash flooding, as well as plans to investigate
them.
Sediment Analysis
We conducted a field campaign that included sediment sampling during the summer of 2015
and flow measurements during the spring of 2016 and 2017. The objective of this sampling
was to characterize the fluvial sediment conditions given the highly geomorphically active
region due to the high flow events and wildfire impacted watershed. The samples were
analyzed for specific weight, moisture content, organic content, and particle-size distribution.
Samples were collected at seven sites to capture sediment information for several fluvial
geomorphic features present in the flood zone including the thalweg, confluence, point bar, cut
bank, and sand bar. The data from the samples were used to generate particle size distribution
curves shown in Figure 10. The results from this field campaign were used to perform a
sediment-transport analysis, classify the stream, and calibrate a hydrologic model. A summary
of the collected sediment data and raw analysis are found in Appendix B.
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Figure 10. Peralta Canyon Particle Size Distribution Curves

Sediment analysis results were used to determine metrics for evaluating sediment transport
such as critical bed shear and soil erodibility factors. The information was also used to estimate
channel roughness for hydrodynamic modeling presented in Appendix B.
Sediment Transport Parameters
Sediment transport can be evaluated with many parameters which correspond to the different
physical processes that occur during the movement of particles. We calculated bed shear stress
and critical bed shear stress of Peralta Canyon Creek using different methods. Stream power
and bed shear were calculated using stream power equations and flow data we collected.
Theoretical Shields equations and our sediment and flow data were used to calculate bed shear
and critical bed shear. Finally, an empirical equation based on the Theoretical Shields
equations were used to estimate critical bed shear and Stoke’s settling velocity.
The average bed shear stress, 𝜏0, was between 9.6 N/m2 and 11 N/m2 while the critical bed
shear, 𝜏cr, was estimated as 1.62 N/m2 (Theoretical Shields Method) and 1.69 N/m2 (Soulsby
Whitehouse Method presented in Damgaard (1997)). This indicates the occurrence of incipient
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motion the initiative phase of sediment transport (Wohl, 2014). Calculations and method
equations are included in Appendix B.
Due to the ephemeral nature of Peralta Creek, the system experiences major changes
throughout the spring runoff. Early in the flow-period, Peralta Creek can be characterized as a
braided system with high sediment loading and transport. Later in the flow-period, sediment is
depleted from the streambed and transforms to a meandering single channel system with lower
sediment load and transport, as shown in Figure 11 .

Figure 11. Spring 2016 Peralta Creek Braided System (left)
Spring 2016 Peralta Creek Meandering System (right)
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Figure 12 Classification of alluvial channel pattern (Schumm, 1981)

This highly dynamic system experiences major changes in channel type over time, seasonally
and evolutionarily, as observed in the variability in sediment loads and channel pattern. This
can be better understood by Figure 12 as it moves from channel types of lower stability to those
of higher stability. Highlighted channel types in Figure 12 are those that were observed during
field work.
Erodibility
A major concern for the reset reach, post-wildfire, is sediment transport and erodibility. Soil
erodibility factors were calculated using a method described by the Natural Resource
Conservation Service (NRCS) and the soil analysis results. The erodibility factors are
presented in Table 3. Soil detachment by runoff and raindrop impact can be quantified using
soil erodibility factors Kw and Kf. These factors serve as indexes that predict long-term average
soil loss (“National Soil Survey Handbook Part 618.53 (Subpart A),” n.d.). The Kw factor
describes the whole soil profile while the Kf factor applies to fines less than 2 mm. Kf was
calculated using the following equations:
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Kf = {2.1 x M 1.14 X 10-4 x (12-a) +3.25 x (b-2)+2.5 x (c-3)}/100
Where
M = (percent silt + percent very fine sand) X (100 - percent clay)
a = percent organic matter (0, 1, 2, 3, or 4)
b = soil structure code (1, = very fine granular, 2, = fine granular, 3, = med or coarse granular, or
4= blocky, platy, or massive)
c = profile saturated hydraulic conductivity code (1, 2, 3, 4, 5, or 6)

Table 5. Soil Erodibility Factors
Site
PSC1
PSC2
PSC3
PSC4
PSC5
PSC6
PSC7

Particle
ProfilePercent Percent Percent
Soil
Size
permeability
Clay,
Silt,
Organic
Structure
Parameter,
class
Pclay
Psilt
Matter, Pom
Index, Sstruc
fp
factor, fperm
0
0
0
0
0
0
0

10
12
3
6
5
3
1

1%
3%
0%
0%
1%
1%
1%

6
6
6
6
6
6
6

3
3
3
3
3
3
3

Reach Average

1000
1200
300
600
500
300
100

Soil
Erodibility
Factor, Kf
0.13
0.13
0.12
0.12
0.12
0.11
0.11
0.12

Soil
Erodibility
Factor, Kw
0.06
0.06
0.06
0.06
0.06
0.06
0.05
0.06

Kw was estimated by using the NRCS table 6.18.92. It was assumed that the fragment volume
for Peralta Canyon KKTR was 30% based on in field observation. Soil erodibility factors range
from 0.02 to 0.69 where higher values correspond to higher susceptibility to erosion. Kw and
Kf values presented in Table 5. reflect moderate erodibility because of low runoff even though
the sandy soils are prone to detach. Therefore, for typical low flows, moderate erosion occurs.
For more extreme events and flooding, substantial erosion will occur as was observed in the
September 2013 flooding event.
Transmission Losses
Transmission losses are another important factor to consider when investigating Peralta Creeks
riparian vegetation potential and assist in developing a better understanding of channel
conveyance. Transmission losses are considered streamflow reductions attributed to
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evapotranspiration and infiltration (Walters, 1990). The losses associated with the seepage
flow analysis performed in a previous study by BLM in May 2007 resulted in about 50% loss
of flow over the 2-mile reach with an upstream flow of about 1 cfs (0.028 cms). A total of six
seepage analyses performed over the spring of 2016 and 2017 with an average loss of 83% of
the flow and an average upstream flow of 2.2 cfs (0.062 cms). The data was collected in four
regions of the 2-mile reach; upper, mid- upper, mid-lower, and lower. These losses are
shown in Figure 13 which presents the stream flowrate from upstream to downstream divided
into the upper, mid-upper, mid-lower, and lower sections.

Peralta Canyon Creek Transmission Losses
5.0

4.5

4.0

3.5

2/21/16

Flowrate, Q (cfs)

3.0

3/2/16
3/12/16
3/25/16

2.5

2/20/17
2/21/17

2.0

5/4/07
5/19/07

1.5

1.0

0.5

0.0

Downstream

Upstream

Figure 13. Peralta Canyon Particle Size Distribution Curves

Channel classification
In this assessment we evaluated and compared this stream system to a priori classification
system developed by Sutfin et al. (2014) by plot various stream parameters including W/D,
stream gradient, bed shear, dimensionless bed shear, median grain size, stream power, and unit
stream power are. The classifications were developed for arid ephemeral streams and include
Piedmont headwater (PH), Bedrock (BK), Bedrock Alluvium (BA), Incised Alluvium (IA),
and Braided channels (BD). The parameter ranges for Peralta Canyon Creek are presented in
Figure 14 and Figure 15.
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Figure 14. Box plots of seven variables (W/D, S, τ, d50, τ*, Ω, ω) for Peralta Canyon Creek

Figure 14 shows stream power, the rate of energy dissipation against the bed and banks of a
river, versus stream bed shear. Stream power quantifies the energy available to perform
geomorphic work against the channel boundaries in the form of entrainment and erosion.

Figure 15. A scatter plot of reach-average width-to-depth ratio versus stream power for Peralta
Creek.
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Based on the comparison of the five ephemeral stream types, Peralta Creek’s characteristics fit
mostly within the ranges of the incised alluvium ephemeral streams. Incised alluvium streams
are defined as ephemeral streams that contain active alluvium beds that are only confined by
partially consolidated alluvium (Sutfin et al., 2014).
Case Study Results and Conclusion
The results from this study reveal (1) Peralta Canyon watershed possesses low-density
sediments leading to high risk for disturbance as shown by the erodibility factors and critical
bed shear, (2) the coarse sand media is semi-pervious which creates poor groundwater
conditions indicated by the bed sediment bulk density and transmission losses, and (3) the
dynamic system experiences major changes in channel type over time, seasonally and
evolutionarily, as observed in the variability in sediment loads and channel pattern. Our study
results revealed low suitability conditions for riparian vegetation establishment and succession
due to low soil moisture, water retention, and low organic content necessary for nutrient
uptake.
The findings of our study of Peralta Canyon revealed some general understanding of
hydrologic, hydrogeologic, and fluvial geomorphic processes. Further investigation of the sitespecific substrate would develop a better understanding of the hydrogeological functioning of
the system and aquifer characteristics (e.g. effective porosity, flow prediction, storage,
recharge, temporal head variations). This could also include an investigation of the effects of
the pumice and tuff tent rock formations on the recharge. Methods for this investigation could
include geologic maps, well logs, geophysical electric log (e-log), and a sediment texture
analysis using spectroscopy and multivariate analysis.
The data collection and synthesis we performed for our assessment of Peralta Canyon Creek
helped identify key system drivers which influence SEHS resilience. The key system drivers
identified were seepage losses, sediment transport, and flash flooding. We used data and field
methods available and revealed additional research methods to learn more about the
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characteristics specific to this watershed. This information can be incorporated into a resilience
model and identify potential system states or regimes.
4.2.2

Model Parameterization

The second aspect of resilience modeling emulates the forward-looking nature of resilience by
modeling various alternative states the system could experience. Modeling various system
states and exploring potential system regime changes can help identify threshold triggers as
well as key drivers of the system state. The work presented in this section demonstrates a
practical approach to hydrologic modeling of various system states as a component of a SEHS
resilience model.
Disturbances such as wildfires are becoming more important in the western US as they directly
affect the strained water resources and threaten post-fire debris flows. These arid systems are
strained by long periods of drought and a century of forest management practices promoting
fire suppression. As one of the most destructive fires of 2017 in California, the Nuns Fire
burned a total of 56,556 acres between October 8, 2017 and October 31, 2017. The fire burned
primarily in Sonoma and Napa county, consuming 43% of Sonoma creek watershed (NUNS
FIRE Watershed Emergency Response Team Final Report, 2017).
To illustrate model parameterization of system state changes, I created synthetic hydrographs
of the Sonoma creek subbasin using historical data and then performed hydrologic modeling
using US Army Corps of Engineers HEC-RAS software, with a mesh of the subbasin created
in Aquaveo SMS software.
Two-dimensional hydrodynamic model, River Analysis System (HEC-RAS 5.0.3) developed
by the Hydrologic Engineering Center, US Army Corps of Engineers was used for modeling
Peralta Canyon. Surface Water Modeling System (SMS) version 12.2 graphical user interface
(Aquaveo, LLC, Provo, UT) was used for the development of mesh. Quadrilateral mesh
elements were used for representing the stream whereas, triangular mesh elements were used
to represent floodplain of the channel. A Digital Elevation Model (DEM) was generated from
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the Light Detection and Ranging (LiDAR) and was used to represent the geometry of channel
which was interpolated into mesh. The mesh developed by SMS was used in HEC-RAS to
compute water depth, velocity, and shear stress across the channel. As a downstream boundary
condition, friction slope of channel was used. The constant hydraulic roughness value
(Manning’s roughness) 0.025 and 0.03 were assigned for mainstream and floodplain
respectively.
Synthetic unit hydrograph generation for the Upper Sonoma Creek Watershed was performed
using the Snyder Method for both burned and unburned recurrence interval scenarios and are
presented in Figure 16. Each scenario is indicative of a system state. Synthetic inflow
hydrographs were developed using the Snyder Method, recurrence interval flows from the
historical record and watershed characteristics are presented in the 2017 Nuns Fire Emergency
Response Team Report. To extrapolate the flowrate and time for a specified timestep in the
hydrodynamic model (HEC-RAS), the data were linearly interpolated. To run a steady model
in HEC-RAS, the computational settings were calculated and presented in Appendix B. The
HEC-RAS model was run utilizing the full momentum equation (Saint-Venant equation).
Computational sensitivity analysis was performed to ensure the appropriate computational
timestep. Convergence was achieved at a computational timestep of 1 second. Once the
computational sensitivity analysis was performed, model runs for all eight flow events were
executed with a computational runtime range of 3 to 4 hours. Model results were visually
inspected and interpreted to reduce run parameter input entry error or any other errors. Results
included water depth, water surface elevation, water velocity, shear stress, and recession rate.
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Figure 16. Synthetic hydrographs

Soil classification for the Upper Sonoma Creek Watershed as reported in the Nuns Fire Report
indicates various types of loam. Based on the lack of local particle size distribution curves or
other soil data, I used a standard profile and definition to estimate particle sizes. Particle sizes
were then used to estimate the riparian and channel roughness coefficients based on published
methods shown in Appendix B.

64

L. Jaramillo

Case Study Results
The results from the hydrodynamic model scenarios are shown in Figure 17.

Figure 17. Profiles for all scenarios: (top-right) max. water depth, (top-left) max. shear stress, (bottomleft) max. velocity, and (bottom-right) max. water surface elevation where the horizontal axis is station
(ft).

This assessment of Upper Sonoma Creek Sonoma Creek investigated changes in streamflow
from wildfire by developing a hydrodynamic model and simulating various system states and
regime changes given various information and data. The results from this study could be used
to inform a SEHS resilience model which builds on expert knowledge and other models and
data.
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4.2.3

Tools for System Resilience Modeling

The third aspect of resilience modeling serves to consolidate information from the many
elements of the system utilizing a system framework. System Frameworks are developed based
on an understanding of how the socio-ecohydrological system functions. Bayesian Networks
(BNs) are useful for combining qualitative and expert knowledge from a variety of sources
into a single view of the system. The BN’s nodal connections, priory distributions, and
Conditional Probability Tables (CPTs) can be tuned to identify key contributions to a system’s
behavior. A BN model also helps identify a systems’ cross domain interactions and
relationships, i.e. seasonal flood patterns, water diversion impacts, and riparian recruitment.
The system framework perspective from a BN model can reveal patterns amongst parameters
that when considered separately may remain concealed. The work presented in this section
demonstrates a practical approach to developing a system framework model using a BN and
building off an existing model, expert knowledge, and a conceptual understanding of socioecohydrological system processes.
BN’s are frequently used in advanced system framework models for RE assessments (Hosseini
and Barker, 2016). A BN’s ability to bring together information, models, and data from various
sources and integrate them into a holistic system view can improve management insights, while
limiting costly and ineffective interventions. The work presented in this section demonstrates
a practical approach to developing a system framework model using a BN and building off an
existing model, expert knowledge, and a conceptual understanding of socio-ecohydrological
system processes.
System Frameworks are developed based on an understanding of how the socioecohydrological system functions. The system specific functions include abiotic, biotic, and
social processes. The body of knowledge of specific systems expands when disturbances occur.
The Gila River in the Southwestern United States has undergone many disturbances in the
form of water policy and appropriation.
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Figure 18. Upper Gila Basin
These social stresses have been amplified by drought conditions and efforts to develop an
infrastructure project under the terms described by the Consumptive Use and Forbearance
Agreement (CUFA) which entitled New Mexico to develop and use water as part of the 2004
Arizona Water Settlement Act. The development project has resulted in several potential
streamflow diversion scenarios that would store water for New Mexico use.
A Bayesian Network (BN) approach is used to understand the impact of these scenarios on
floodplain vegetation potential for the Upper Gila Basin, New Mexico, USA shown in Figure
18. A coupled 2-D hydrodynamic and BN model is used to determine the likelihood of
floodplain vegetation recruitment for native riparian species, willow/cottonwood
(chilopsis/populus wislizeni), given three diversion scenarios: alternative E, concrete dam
diversion structure; Alternative B: concrete dam diversion structure; and alternative A: no
action/existing conditions. These alternative diversion scenarios are presented in Figure 19 and
Figure 20.
A total of 15 different flows are modeled for steady state conditions including 200 cfs (5.7
m3/s) as the lowest flow and 4,000 cfs (113.3 m3/s) as the highest flow. The constant hydraulic
roughness value (Manning’s roughness) 0.035 and 0.05 are assigned for mainstream and
floodplain respectively, which were determined by evaluating empirical methods using grain
size and is presented in Appendix B.
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Figure 19. Upper Gila- Mangas Subbasin Mean Daily Flow from 1936-2017 (dotted line
denotes vegetation recruitment period April to September)

Figure 20. Flow Duration Curves for alternative flow scenarios
Case Study Results
The results from this study reveal limited impact of proposed diversions on current riparian
cottonwood and willow recruitment. Based on the modeling assumptions and methods adopted
in this study, there are not significant differences in impact to recruitment for the scenarios
evaluated which can be explained by the impact of the proposed diversions on the hydrograph
as shown in Figure 19. The flow duration curve shown in Figure 20 shows that the variation
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between scenarios impacts flows less than 200 cfs, which are not the high magnitude events
needed to inundate the floodplain for riparian vegetation recruitment.
Figures 21 and 22 illustrate the flow frequency and diversion frequency in cubic feet per second
(cfs) for each scenario, where the frequency plots are considered by number of standard
deviations in each row, and scenario by column. The BN model reinforces what the flow data
parameters indicate statistically; that the difference between likely flows as compared to
diversion scenarios will not produce a significant effect in riparian recruitment. This is because
when a flood event occurs which is large enough to overrun the stream channel banks and
inundate potential recruitment areas, the magnitude of the difference in flows between the
scenarios is not large enough to produce a measurement of those times when one scenario sees
the banks overrun and another does not.

Figure 21. Flow frequency plots in cfs by number of standard deviations and scenario
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Figure 22. Flow diversion frequency plots in cfs by number of standard deviations and scenario.

Using a similar approach to one developed by Morrison and Stone (2014), Bayesian Network (BN)
models were developed for the three study reaches. The modeling framework is based on the boxrecruitment conceptual model, first proposed by Mahoney and Rood (1998). The BN Model uses

Conditional Probability Tables (CPTs), structure learning, inference, and the bnlearn package
for R, a software environment for statistical computing and graphics. bnlearn is used to execute
a cpquery function, which estimates the conditional probability of an event given evidence,
following a likelihood weighting inference algorithm were historical evidence is used to weight
the random sampling as described in Korb and Nicholson (2004). The BN model uses variables
that address timing, hydrologic conditions, groundwater conditions, and recruitment
constraints for the plant types based on expert knowledge, literature, and previous work.
System Frameworks represent an understanding of how the system functions. The SF for this
case study is the Bayesian Network Structure developed from expert knowledge and literature.
Specific influences of riparian vegetation recruitment used are stream flow, timing, ground
water conditions, surface water recession rate. Characterization of node comes from
permutations of historical data to represent scenarios. The BN network structure created in R
is presented in Figure 23 and shows the node relationships (e.g. parents, children, neighbors).
Each node represents a distinct influence on vegetation recruitment. Discrete states and node
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parameters were established based on literature, expert knowledge, and analysis of field data.
Each node probability is binomial.

Figure 23. Network Structure Developed with bnlearn in R.
This SF shows the influences of recruitment and how they are related based on the specific
knowledge of this system. A sensitivity analysis of these linkages would determine the strength
of these relationships and the impact each node or parameter had on the recruitment outcome.
In this SF, the stress imposed on the system is represented by the diversion scenarios.
This case study presented a BN structure as a system framework to represent the SEHS of the
Upper Gila Watershed. This case study demonstrated how System Frameworks are informative
tools that represent an understanding of holistic system processes and behaviors. Advanced
modeling techniques such as BNs are needed to synthesize information from the many
dimensions of these complex adaptive systems. BNs allow model developers to assign
relationships and thresholds based on expert and site-specific knowledge. Other advantages of
BNs include the ability to utilize small and incomplete datasets, and explicitly account for
uncertainty in the system (Uusitalo, 2007). Information from SEHS models translate a wide
range of expert knowledge, local knowledge, and data into a form that can help decisionmakers make well-founded interventions.
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4.3 Summary and Conclusion
Key aspects of modeling resilience of disturbed SEHSs were demonstrated in this chapter using
case studies of watersheds in the Western US. The first phase, Section 4.2.1, establishes key
system drivers through data collection and synthesis. The second phase, Section 4.2.2,
emulates the forward-looking nature of resilience by modeling various alternative states the
system could experience. The third phase, Section 4.2.3, serves to consolidate the information
from the many elements of the system utilizing a system framework. The work presented in
this chapter is meant to be a foundation for discussing the integration of knowledge and system
modeling for managing SEHS resilience.
Valuable information was learned from presenting three different SEHSs that would not have
been revealed by evaluating a single system. A single case study presenting key aspects of
resilience SEHS modeling would have developed specific system knowledge. Evaluating
different SEHSs demonstrated a range of practical applications given a range of system
characteristics, drivers, methods, and data. Exploring these different systems revealed the need
to consider the available information, research resources, and specific-system characteristics
when developing aspects of a resilience model.
Resilience system models serve as decision-making tools that incorporate information and
knowledge from various sources. Synthesizing information from many system dimensions and
considering various alternative states provide clear understanding of potential interventions
focused on building adaptive capacity. These aspects of resilience modeling can help develop
well-founded interventions base on an understanding of component linkages and identifying
system vulnerabilities.
Holistic resilience modeling requires system component models that are parameterized to
describe resiliency and vulnerability in a way that supports combining the system component
behavior together as a sum of parts, characterizing the whole. This chapter serves to be a
guide and example of how this work can be more easily incorporated into socio-
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ecohydrological models for the purpose of understanding system response and recovery, and
informing well-founded interventions to build SEHS resilience to disturbances.
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5

BUILDING RESILIENCE
BUILDING COMMUNITY RESILIENCE USING A SMALL-SCALE BUILDING
PROJECT

Objective 3 – Advance resilience engineering applications and practice at the community-scale
utilizing Analytical Hierarchy Process (AHP) and community involvement.
ABSTRACT
There is a need for real-world applications for community-level resilience in the face of natural
disasters to mitigate negative impacts. These real-world applications should serve as a guide
for implementing more sustainable practices; empowering local communities and providing
guidance on structural, economic, social, and environmental policy changes needed to enhance
their own resilience. Civil projects have the potential to utilize resilience engineering principles
to provide a more suitable design and improve community resilience. Our project implements
a small-scale building project that incorporates principles of resilience and RE in the planning,
design, and construction phases. Resilience aspects of planning included multi-discipline
collaborations, a university course series, and a workshop. Resilience aspects of design
included broadening project criteria and scope and utilizing analytical hierarchy process (AHP)
in the design alternative selection. Building resilience aspect in the construction phase included
project training, construction management practices and local community labor. These
activities help ensure longevity and maintenance of the building, enhancing the community’s
adaptive capacity through training of community members on the construction type, building
methods, and best practices. This study addresses RE.3 building aspect of resilience
engineering and the small scale of panarchy.
Keywords: Community Resilience, Vulnerability, Adaptive Capacity, Nepal, Construction
Sustainability, Structural Resilience, Analytical Hierarchy Process (AHP), Community
Involvement
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5.1 Introduction
Resilience engineering (RE) has developed as a field to address the resiliency of a system. RE
covers a wide range of complex adaptive systems including engineered, organizational,
security, technical, mechanical, economical, ecological, and social systems (Patriarca et al.,
2018). The relationship between resilience, adaptive capacity, and vulnerability, which are all
facets of the same system response, has been widely studied (Adger, 2006; Chambers, 1989;
Folke and Berkes, 2000; Gallopín, 2006). Illuminating strengths and weaknesses of a system,
and understanding their relationship provides an opportunity to address system vulnerabilities
using RE. The objectives of resilience engineering are to (1) manage and adjust adaptive
capacity and (2) identify vulnerabilities and risky behavior or exposure to hazards (Woods and
Branlat, 2006). These objectives are carried out in the aspects of RE: monitoring, modeling,
and engineering/implementing (Hollnagel et al., 2006). RE is used to build resilience, which
is achieved by increasing adaptive capacity of the system and by reducing the exposure to
system stresses. While RE is applied to many types of systems, communities are a major focus
in the face of natural disturbances.
The term community itself can be ambiguous. Norris et al. (2008), describes community as an
entity with geographic bounds, a shared fate, and comprised of interrelated environments.
These environments are built, natural, social, and economic. These environments can be
considered intersectional domains of social-ecological systems (SES), characterizing
community as a subset of a socio-ecological systems (Faulkner et al., 2018; Wilson, 2011).
These environments must harmonize and create a need for collective resilience and not one
individual or aspect of a community. Community resilience is a process of linking a network
of adaptive capacities for adaptation after a disturbance (Norris et al., 2008).
Understanding, modeling, and building community resilience after disturbances or disasters
has been the focus of many studies because of a shift from natural hazard vulnerability to
resilience. Community resilience has been presented with many conceptual models and
frameworks within the body of knowledge. Theoretical frameworks such as the community
capital pyramid (Callaghan and Colton, 2008) and the DROP (disaster resilience of place)
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model (Cutter et al., 2008) have been proposed to describe community resilience. Callaghan
and Colton(2008) describe community resilience as an appropriate balance of capital:
environmental, human, social, cultural, structural, and commercial. Bruneau et al. (2003)
presents a framework and metrics for seismic resilience assessment and enhancement of
communities. Chang (2004) presents quantifiable metrics to assess disaster resilience of
communities. The ‘4Rs’assessment method, robustness, redundancy, resourcefulness, and
rapidity was applied to the TOSE dimensions: technical, organization, social, and economic
by (Bruneau et al., 2003). Most model-focused disaster-based community resilience literature
stops short of actual case studies, which are needed in order to fully operationalize and realize
the advantages of the concept of resilience (Chang and Shinozuka, 2004). Considerations for
building resilience at the community scale is appropriate as many disasters occur at this level
(Longstaff et al., 2010).
Community resilience is investigated in terms of its adaptive capacity. Gupta et al.(2010)
developed the “Adaptive Capacity Wheel”, an assessment tool that encompasses six
dimensions necessary for an institution to enable adaptive capacity. The dimensions are
identified as variety, learning capacity, room for autonomous change, leadership, resources,
and fair governance. Their work also revealed dimension paradoxes, in which strengthening
one dimension may weaken another. Communities can have different magnitudes of resources
and adaptive capacity, but have the same resilience (Longstaff et al., 2010). Economic capacity
of a community has a large effect on post disaster recovery as poor communities are at greater
risk for death, severe damage, and often less successful in mobilizing support after disasters.
Community involvement builds adaptive capacity as it increases stewardship and sharing of
local knowledge (Berkes and Ross, 2013). Actions to build collective resilience must engage
local people to create organizational relationships and protect naturally occurring social
support in advance of disasters (Adhikari et al., 2016; Norris et al., 2008).
Many development projects are designed with consideration for technical aspects, but with
minimal focus on social development and environmental issues (Messerschmidt, 2009). The
biggest challenge for the construction sector in developing countries is finding a holistic
approach to making sure that its contribution to physical, economical, and human development
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of these countries meets the requirement of sustainable development as defined by local needs
and value systems (Du Plessis, 2007). Case studies on building community resilience must
address several considerations as they involve social, economic, political, and environmental
aspects.
Nepal’s Vulnerability
Nepal has undergone many social, economic, political and environmental shocks and stressors
to its communities throughout its history that contribute to its vulnerability. The social
landscape presents segregation and a remote-decentralized form of living. Nepal’s large rural
population, roughly 82% of the total population, drives a decentralized form of living (e.g.
power, water, and medial) (Nepal, 2012). Nepal eliminated its formal caste system and
patriarchal gender system in 1963, but is subject to the ‘implementation gap’ or delay between
law and societal adoption (Bennett, 2008). Because of Nepal’s political history, the country’s
most prominent religions, Hinduism and Buddhism, are uniquely tied and supported in
government. Bennet (2008) states the primary sites of empowerment and inclusion for
marginalized groups are households and communities.
The economic landscape is one of financial hardship. The rural lifestyle is primarily agrarian
and modest as the annual average income in Nepal is less than $350 USD per year and 42% of
the country is officially classified as in poverty (Nepal, 2012). The primary livelihoods for
rural Nepal are driven by the orography and consist primarily of trekking tourism, wholesale
trade, and terrace agriculture. Industrial development from China and India has increased road
construction and brought manufactured goods to remote communities.
The political landscape of Nepal has changed and developed over the country’s lifespan of
several centuries and is still in the processes of stabilizing as a federal republic. The national
government has changed from a monarchy to a parliamentary monarchy to a federal republic.
The national government has set goals to reduce poverty, promote environmental conservation,
and advance ecotourism (Bhatt and Khanal, 2009). The progress towards a stabilized
government has developed as a constitution has been passed with the help of a 601-member
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Constituent Assembly in September of 2015 (16). However, with the passing of the
constitution the northern-boundary neighboring country of India imposed an unofficial
embargo with Nepal in late fall of 2015 creating hardship on the recovering nation (Manandhar
et al., 2017). Furthermore, Nepal largely lacks the capacity to enforce these regulation policies
especially in light of the decentralized form of governance within the confines of a structured
formal government based on the remote regions of the country (Arendt et al., 2017).
The environmental landscape presents its own challenges as one of the most disaster prone
countries in the world (Disaster Preparedness Network-Nepal et al., 2015). Nepal’s
communities have been physically and economically affected by the seismic activity of 2015.
The numerous earthquakes and aftershocks, including the 7.8 magnitude Gorka Earthquake on
April 25, 2015, left nearly 9,000 dead, more than 800,000 homes destroyed, millions displaced,
20,000 schools in ruin, and over 600 vital rural clinics destroyed (Manandhar et al., 2017).
This natural disaster and the vulnerabilities it revealed has left many communities in need of
rebuilding and reorganizing (Adhikari et al., 2016). Our project contributes to this rebuilding
and reorganizing.
5.2 Approach
The approach of this project was to build community resilience through a civil engineering and
construction management project which incorporated RE and Resilience. For our project,
building resilience is achieved by increasing adaptive capacity of the system and by reducing
the exposure to system stresses. This definition aligns with the objectives of resilience
engineering (1) manages and adjusts adaptive capacity, and (2) identifies vulnerabilities and
risky behavior or exposure to hazards (Woods and Branlat, 2006).
We incorporate resilience and RE fundamental principles into the planning, design, and
construction of a small community center to build community resilience. The community we
focused on was the village of Bahunipati, Nepal, specifically targeting women of the
community. The community center was built in the footprint of an old health clinic that
collapsed during the 2015 Gorka earthquakes. Empowering the community with knowledge of
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material resources and building techniques for the project, the building design is meant to serve
as a model that community members could adopt to rebuild their own homes.
The building site, located on an agricultural landscape terrace, is semi-remote with limited site
access for equipment and materials and has no direct vehicle access. The project planning
consisted of multi-discipline collaborations, a university course series, and a community
workshop. The design phase considered a range of design alternatives based on an intensive
background assessment. Using the background assessment also assisted in establishing the
project constraints and criteria. An analytical hierarchy process (AHP), a decision-making tool,
was used to determine the most suitable design alternative. The construction phase of this
project consisted of construction training, construction management, and community
involvement. The construction was completed in two phases during Summer 2016 and Summer
2017. These activities were used to enhance the community’s adaptive capacity and reduce its
vulnerability by incorporating aspects of community resilience and RE.
5.3

Project Area

This project was developed at the University of New Mexico. It focused on the rural
community of Bahunipati, Sindupachok, Nepal where the project was implemented. This
village has been impacted by several seismic events, including the Gorka earthquake.
Sindupachok was the hardest hit district from the Gorka earthquake based on fatalities and
demolished homes (Pokharel and Goldsworthy, 2017). Many people lost their homes to
structural damage or complete demolition. Many lived in tents for months before eventually
returning to their still damaged homes (Disaster Preparedness Network-Nepal et al., 2015;
Pokharel and Goldsworthy, 2017).
Bahunipati spans 15 km2 ( 5.8 mi2) and is made up of around 1200 households. The primary
fuel source for cooking in the village is firewood despite a large majority of the village being
connected to the national electric power grid (Community Outreach Survey, 2015). The village
has one health clinic which is operated as a branch of Dhulikhel Hospital, a Kathmandu
University Hospital, which serves primarily to the surrounding districts including
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Sindupachok. The Bahunipati Health Clinic is staffed by medical professionals and students
through the hospital’s Department of Community Programs. The establishment of this
program, over 20 years ago, has served as a powerful network between the connected
healthcare professionals and rural communities that allows for the exchange of resources and
information.(“Dhulikhel Hospital,” n.d.)

Figure 24. Regional Map and Site Map

The project site is located on the Bahunipati Health Clinic property, owned and operated by
Dhulikhel Hospital. The site is semi-remote and isolated, shown in Figure 24, and is only
pedestrian accessible. Prior to April 2015, there was an extension building for the clinic, but it
was destroyed during the earthquakes shown in Figure 25.

80

L. Jaramillo

Figure 25. (a)Project site and (2) Bahunipati health clinic extension building destroyed in earthquake

This project consisted of three phases: planning, design, and construction, which are discussed
in Section 5.3.
5.3.1

Planning

The planning phase of this project included multi-discipline collaborations, a university course
series, and a community workshop. Addressing a primary necessity of community resilience,
knowledge and resource sharing, these planning tasks helped increase adaptive capacity.
Collaboration
In order to facilitate knowledge sharing and strengthen human resource capacity, this project
included many cross-discipline, cross-cultural collaborations. The project started with an effort
to establish stakeholder involvement including liaisons, officials, and engineers from
Dhulikhel Hospital – Kathmandu University (owners of the land), the University of New
Mexico (Department of Civil, Construction, and Environmental Engineering and the Nepal
Study Center), and the Pratima-Neema Memorial Foundation (Nepal NGO). The University of
New Mexico team and project lead included students and faculty that ranged in expertise from
construction management, community and regional planning, architecture, structural
engineering, water resources engineering, construction engineering, electrical engineering,
economics, and business. Many members of design and planning team were from Nepal and
provided cultural and societal insight.
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University Courses
The planning and initial design was completed through a two-semester graduate special topics
course in the UNM Civil Engineering Department, Building Resilient Communities and
Designing Resilient Communities. The course was used as a learning tool for undergraduate
students in a research project collaboration and student-teaching opportunity through a
collaboration with CE 160L Introduction to Civil Engineering and Computer-Aided Design.
The incorporation of the undergraduate course provided additional student resources to
research design alternatives and location conditions. The course was facilitated by three civil
engineering faculty with differing breadths of construction management, structures and
material science, and hydrology and water resources. A total of 11 graduate students from
various academic, professional, social and cultural backgrounds participated in the class. The
academic diversity included: construction management, environmental engineering, structural
engineering, water resources engineering, geotechnical engineering, environmental science,
and architecture. The course objectives included defining community resilience, determining
tools to improve community resilience, and developing and researching components necessary
for resilience-informed design and construction management. Three different conceptual
designs were evaluated based on design criteria modified to include aspects of resilience. Using
analytical hierarchy process (AHP), discussed in section 5.3.2, a modular earthbag design was
selected. The earthbag design development in the course included material testing, construction
methods, and construction of a prototype structure, which is discussed in Section 5.3.3.
Community Workshop
All-hands meeting workshop was held on June 1, 2017 in the newly built community center.
The objective was to facilitate knowledge-sharing and establish building ownership and future
project visions. The workshop participants included local women’s community groups, the
local health clinic professionals, engineering and administrative officers from Kathmandu
University, and University of New Mexico engineering students and faculty. The workshop
addressed the building community resilience concept, the design, the construction and safety,
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and a series of questions. The 30 participants worked together in groups made up of
representatives from each stakeholder group to address the following questions.
What is a resilient community?
What should the building be used for?
How should it be managed and maintained?
The meeting provided an opportunity to establish future goals, priorities, and needs for the
community and all the stakeholders. Some of the responses invoked a sense of ownership and
belonging. Some of the uses mentioned in the workshop were women’s group meetings,
wedding ceremonies, Nepali Hindu Bratabandha (thread ceremonies), birthday parties, and
community trainings (e.g. personal wellness, microfinance). One comment mentioned that the
community center was in the shape of a temple which gives peace of mind to the community
members. The workshop presentation and translated notes are included in Appendix C.
As an additional resource, a building reference manual detailing the construction methods and
building maintenance requirements, was created and given to the health clinic staff to be used
as needed. The manual also included a list of sustainable technologies as a resource for
community members to use when considering power sources for any dwelling.
5.3.2

Design

The design phase of this project consisted of establishing a project goal by creating a working
definition of community resilience, a background analysis, developing project constraints and
criteria, creating conceptual designs, evaluating design alternatives using an analytical
hierarchy process (AHP), and incorporating material testing into the final design. These
activities considered community resilience by addressing the silo issue, promoting shared
knowledge and collaboration, and developing a design that uses a holistic approach that
includes structural resilience and construction sustainability.
Defining Community Resilience
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A clear definition for community resilience was necessary to establish a goal for the project.
Determining a working definition of a community resilience was achieved through a series of
group discussions based on a literature review which included several theoretical foundations
such as Resilience Practice: Building Capacity to Absorb Disturbance and Maintain Function
(2012). Unlike many metrics and parameters used to evaluate systems, resilience is a dynamic
property of a system and requires an adaptive approach to management (Walker et al., 2004).
The project adopted the following definition for building community resilience:
“A holistic approach to build the capacity of a community to withstand shocks, stressors, and
other traumatic events, and maintain its identity.”
Background Analysis
To satisfy the holistic requirement of community resilience, the design team investigated and
considered environmental hazards, social conditions, culture, climate, geography, water and
sanitation, local sustainable technologies, and building codes during the background analysis.
The information and knowledge gained during this practical exercise was used when
considering potential design alternatives.
Environmental hazards
Regional environmental hazards, specifically natural disasters were investigated as part of the
background analysis. As the primary motive of the project stemmed from the devastating
impact of a natural disaster, this research was determined by the design team to be essential.
As one of the most disaster prone countries in the worlds, Nepal has experienced mass
casualties and damage due to disasters such as floods, landslides, fires, glacial lake outburst
floods (GLOFs), epidemics, and earthquakes (Disaster Preparedness Network-Nepal et al.,
2015). Prone to large rainfall or earthquake-initiated landslides, the region’s steep mountainriver valley terrain, referred to as a tunnel valley, creates risk of natural damming. The 2014
Sindupachok landslide was one of the districts most recent landslide causing 156 fatalities,
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damming the Sun Koshi river, flooding the valley, and greatly increasing the risk of future
natural dam failure flooding (Shrestha et al., 2014; Walton, 2014). At an even larger potential
magnitude damage, catastrophic flooding from glacial lake outbursts are recognized as a major
vulnerability in Nepal (International Centre for Integrated Mountain Development et al., 2011;
Kattelmann, 2003). However, earthquakes are the most intensive disaster, with impacts that
can cascade into other disasters (e.g. flooding, fires, and landslides) and immense human and
economic loss (Disaster Preparedness Network-Nepal et al., 2015). The Bahunipati is at high
risk of a disaster from seismic activity as it is located in District of Sindupachok, the hardest
hit area from the 2015 Gorka Earthquake with the highest fatality (Disaster Preparedness
Network-Nepal et al., 2015) These potentially devastating hazards were considered when
considering suitable design alternatives.
Social conditions and culture
Nepal has many influences, such as geography, history, government, and religion that have
shaped its social conditions and culture. Hinduism and Buddhism have been harmoniously
woven into the country’s cultural fabric and is even openly recognized by government. Official
holidays and customs are observed by the government including religious celebration such as
Dashain, Tehari Festival, and Chariot Festival (Bennett, 2008). Although Nepal currently
operates as a republic with an elected president, prime minister, and parliament and a newly
passed constitution, socially there are observed remnants of the Hindu caste system (Bennett,
2008; Nightingale, 2003; Pigg, 1992). Although the national language spoken is Nepalese
public schools are taught in English, with 123 regional dialects (National Population and
Housing Census 2011, 2012) The country has geographically recognized regions, referred to
as ecological belts which depict livelihoods and lifestyles. The three regions are the Himal
region, Hilly region (where Bahunipati is located, and Terai (Central Bureau of Statistics,
2019). Gender, caste, and ethnic exclusion is present especially in rural villages such as
Bahunipati. Many of these customs and social norms stem from old hierarchy schedules such
as the binti system (Bennett, 2008). These societal segregations lead to women and low-caste
men being excluded from management and decision-making processes (Nightingale, 2003).
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This information was important to consider for the deployment and acceptance of our project
design.
Climate, geography, and water and sanitation
Bahunipati is located 30 km northeast of Kathmandu in the Central Development Region. At
an elevation of 2500 ft (762 m), the village is located in the hilly region of Nepal. Bahunipati
experiences the Nepali monsoonal climate which is characterized by three distinct seasons: the
summer season, the rainy season, and the winter season. The summer season stretches from
March to May and is distinguished by high temperatures which contribute to rain and sleet in
the form of local convective storms (Shrestha, 2000). The major impact of climate in the region
takes place during the rainy season, from June to September, when the summer monsoon brings
humid air and torrential rainfall important to the local agricultural. Annual rainfall in
Bahunipati ranges from 1450 mm to 1900 mm (57 inches to 75 inches) (Central Bureau of
Statistics, 2019). The winter season is the driest season, characterized by cold temperatures
from October to February (Shrestha, 2000). These monsoon-driven precipitation patterns
control the flow of the many Himalayan streams including the village’s Indrawati river, a
tributary Sunkoshi which feeds into the Ganges River in India (Sharma and Awal, 2013).
The Indrawati River and one of its tributaries, the Chisapani, serve as a source of drinking and
irrigation water for the community. Water is diverted in a small concrete open channel. The
primary drinking water source in Bahunipati is a spring fed drinking water system, which pipes
the water to a gravity-fed community tap (Community Outreach Survey, 2015). Community
members bath at the tap and store water in jugs for household use. Water is also trucked in and
pumped to rooftop storage tanks. Sanitation conditions in Bahunipati are primarily public or
dwelling sanitary sewers (ENVIRONMENT STATISTICS OF NEPAL 2013, 2014). Nepal has
a water and sanitation code which is used as a simplified guideline to assist with the
development of adequate water supply for domestic use and water waste removal (“NBC 208;
2003,” 2003). The water and sanitation systems vary greatly per household/dwelling as the
national building code is still in the process of adoption and sparsely followed (Arendt et al.,
2017).
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Building code and local sustainable technologies
Assessment of local sustainable technologies were investigated as renewable power sources
the community could potentially implement. Technologies included wind, solar, and water
source alternatives. Some technologies researched included improved cooking stoves (ICS) to
address indoor air quality, parabolic solar cookers, non-electric fridges, portable solar lamps,
rainwater harvesting, and micro hydropower systems These technologies were not
implemented into the final construction due to time constraints and fund limitations. However,
the research findings were made available, in the final building reference manual discussed in
Section 5.3.1, as a resource for community members to use when considering power sources
for any dwelling.
This background assessment revealed the limitations of Nepal’s existing building code and
determined reliable standards for the project. The Nepal National Building Code provides a
simplified guideline focused on safety in the face of natural disasters due to the countries
technical limitations in the construction industry (“NBC 206: 2015,” 2015). The Nepal
Department of Urban Development and Building Construction has great resource limitations
for enforcement and has focused on promoting awareness, acceptance, adoption, and safety
value of the building code. They have also partnered with a non-government organization,
National Society for Earthquake Technology (NSET-Nepal), to help develop seismic designs
and standards (Arendt et al., 2017). Several resources, approved by global industry-recognized
authorities, were identified as points of reference for our project design. The International
Building Code (2015) was referred to for occupancy, building size constraints, and interior
construction, and foundation design. The Steel Joist Institute Standard Specifications (2015),
Steel Joint Fastener Guide (2005), American Institute for Steel Construction (AISC) (1987),
NAHB Residential Design Guide (NAHB Research Center, 2000) and ASCE 7-16 (2017) were
referenced for structural constraints and dead and active loading requirements. These design
standards were referred to throughout the phases of our project.
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This extensive approach is more involved than the standard background and site research
completed for typical civil projects worldwide, especially in small domestic scale projects.
However, this exercise led to important findings necessary to satisfying the resilience aspect
of this project. With this breadth of knowledge, project constraints and criteria were developed
considering community resilience.
Constraints and Criteria
The community resilience perspective, background analysis, site conditions, and design team
time and funding limitations influenced the development of the project constraints and criteria.
The design team worked with collaborators in Nepal, specifically Dhulikhel Hospital officials
and a locally appointed project engineer to gather information about the site location,
conditions, and resource availability. The design team then developed project constraints
shown in Table 6.
Table 6. Design Constraints

Cost

Materials
Size
Building Code
Requirements
Building Timeline

Constraints
$30,000 USD
(Time & Materials: construction
materials and supplies, project
coordinator salary, local labor, design
team food, lodging, and in-country
travel)
Locally sourced material (i.e. available
in-country and feasibly transported to
construction site in Bahunipati)
1,750 ft.2 (162.5 m2)
Local Building Code (i.e. Nepal
Building Code)
Design team construction oversite
limited to availability outside of
academic year (i.e. 1-2-month period
during summer, multi-phase
construction possible)

Project design criteria were expanded and modified from standard practice to incorporate
building resilience aspects. Cultural and social acceptance was added as a criterion and
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included the community’s perception of the design safety. Construction labor skill-level
requirements were also added to the list of criteria to ensure constructability given limited
human and equipment resources as well as adoptability for community members. Structural
resilience was added as a design criterion and was defined as the structures ability to mitigate
significant all-hazard risk, quickly recover its purpose with minimal damage to safety and
health, and structural robustness. The working definition was developed based on a review
performed by Ayyub (2015). The study reviewed resilience definitions from several reputable
entities including the United Nations Office for Disaster Risk Reduction, the American Society
of Civil Engineers Committee on Critical Infrastructure, and the Multidisciplinary Center for
Earthquake Engineering Research. Construction sustainability was also added as a criterion
and defined as ‘construction activities that encourage harmonizing social, economic, and
environmental wellbeing during the whole process of construction, WPC (i.e. pre-construction,
construction, operation, maintenance, renovation, and deconstruction), such as use of recycled
materials and encouraging economic equity’. The adopted definition was formulated based on
the findings from Du Plessis(2007) and Ortiz et al.(2009). Du Plessis(2007) recognized the
importance in holistically considering several construction industry definitions including those
from the International Council for Research Innovation in Building and Construction and
Agenda 21, a United Nations action plan. The criteria used to evaluate design alternatives is
presented in Table 7. The design team clearly defined the criteria which were used to evaluate
three design alternatives.
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Table 7. Design Criteria

Criteria
Cost

Construction
Time
Cultural
Acceptance/
Aesthetics
Labor Skill &
Equipment
Operation &
Maintenance
Structural
Resilience
Material
Availability

Construction
Sustainability

Description
Construction cost based on engineering cost estimate
including local labor costs. Cost must below budget.
If cost estimate is over budget, the alternative is
eliminated. The higher the cost, the lower the score.
Time required to accomplish all phases of construction
including deploying design team to site. Project
construction phases cannot exceed 2 months (or 4
months for construction of all phases). If the timeline
is greater than 4 months, the alternative is eliminated.
Proposed design is expected to be accepted by locals.
Referencing the design teams understanding of what
is culturally acceptable from the background analysis
and inquiry of Nepali students and faculty.
Construction resources for this project are limited.
Skill required, and necessary equipment must be
minimal. The less skilled labor required for the
construction of the building is optimal.
The operation & maintenance required for the building
once constructed should be minimal.
The structures ability to mitigate significant all-hazard
risk, quickly recover its purpose with minimal damage
to safety and health, and structural robustness.
Material resources and access are limited for this
project. Material source location and ease of transport
must be considered the design alternative selection.
Construction activities that encourage harmonizing
social, economic, and environmental wellbeing during
the building’s lifecycle (i.e. pre-construction,
construction, operation, maintenance, renovation, and
deconstruction), such as use of recycled materials and
encouraging economic equity (Du Plessis, 2007).
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Proposed design alternatives
Based on the key findings from the background research and the project constraints, several
design alternatives were considered by the entire design team in the course series. The
alternatives were narrowed down to three alternatives: (1) bamboo and adobe, (2) steel,
concrete, and straw bale, and (3) circular earthbag. These alternatives where studied more and
developed into conceptual design alternatives. This task was accomplished by separating the
students into design groups.
Bamboo and Adobe
Bamboo has been a culturally significant building staple in Nepal for generations. Bamboo is
incorporated into rituals and used for baskets, furniture, fencing, and structures (Das, 1988).
Small statured bamboo, nigalo, is often used for framing, walls floors ,and roofing ( purlins,
rafters, and joists). While large stature bamboo, bans, are used for bridges and large multi-level
construction scaffolding (Adhikary, 2016; Das, 1988). The popularity of the resource is due to
its abundance in the western, eastern, and central regions in Nepal (Das, 1988). Its prevalence
and cultural acceptance are why this conceptual design was considered.
This conceptual design alternative consisted of onsite walls built from formed adobe bricks, 4inch x 8-inch x 16-inch (10 cm x 20 cm x 40 cm) in size, and reinforced bamboo structural
components. The adobe composition or mix design would be dependent on-site soil conditions,
as the material would be site sourced. The walls would be constructed with the adobe brick
and reinforced with bamboo struts incased in concrete and polyvinyl chloride piping. The wall
exterior would be waterproofed with onsite mixed plaster to prevent weathering and
environmental damage. The roofing, specifically the purlins, rafters, ridge beam and joists,
would be constructed out of bamboo in a gable roof style. The outer layer of the roofing would
be corrugated steel panels or bamboo shingles secured to the bamboo rafters.
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Steel, Concrete, and Straw-bale
The use of steel, concrete, and straw-bales as construction materials combines their diverse
structural advantages. Concrete-filled steel tube (CFT) beam columns (Varma et al., 2002) and
pre-tensioned cable bracing systems (Gao et al., 2016) have been studied and shown to delay
inelastic buckling or failure from seismic loading. While straw-bale building has been used
around the world as a low-cost, readily available, lightweight building material that provides
thermal insulation and sound dampening (Magwood et al., 2005).
This conceptual design alternative consisted of a steel support structure with lightweight walls
made from bamboo and straw that combine structural integrity and local aesthetic appeal. The
structural components would consist of CFT columns and cable bracing to provide load
dispersal for seismic loading, shown in Figure 26. The walls would be an innovative design
consisting of bamboo cages filled with compacted locally sourced straw bales. Plastic sheeting
would be placed inside the cage, filled with straw-bales, and sealed to prevent moisture
intrusion. An additional plastic layer around the outside of the bamboo cage would prevent
moisture from affecting the structural integrity of the cage. Connections would be made with
cellulose twine. The exterior wall would be protected by a moisture barrier made of a wire
mesh reinforced plaster. The roofing would consist of a bamboo truss roofing system in a gable
roof style with a corrugated steel panel outer layer.
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Figure 26. Conceptual design of steel CFT, bracing system, and roof truss (credit: Sherif Aboubakr)

Earthbag Building
Circular earthbag building designs have been successfully implemented as a low-cost,
structurally robust alternative in earthquake-prone areas, including Nepal (Geiger, 2011). Their
ability to equally distribute seismic and other active loads is an advantage of circular structures
(Hunter and Kiffmeyer, 2004, pp. 64–66). There have been studies on structural and material
strength of earthbag buildings further demonstrating its distinct advantages (Stouter, 2017;
Stouter and Ernstsen, 2016; Strong et al., 2018). Earthbag building has been compared to
rammed earth and adobe in that they poses similar durability and construction methods that
require low skilled labor (Geiger, 2011; Hunter and Kiffmeyer, 2004). These advantages of
earthbag construction is the reason this alternative was considered.
This conceptual design consisted of a circular earthbag building structure and a gravel trench
foundation. The wall would consist of layers of polypropylene fabric tubes or continuous bags
filled with a lime stabilized adobe mixture. Each layer would be filled, tap compacted, and
cured in place allowing for relatively quick construction. The mix design would be modified
based on site soil conditions (e.g. clay content and water content). In between each layer, a
barbwire course would be placed to resist wall shearing from lateral loading. The exterior wall
would be protected by a moisture barrier made of a wire mesh reinforced plaster. The
93

L. Jaramillo

foundation and roof would be secured to the wall with bond beam connections consisting of
several layers of earthbags filled with cement stabilized adobe mix. The roof would be pitched
and dodecagonal in shape to best fit the buildings cylindrical shape. The roof would be covered
with a waterproof plastic liner and topped with corrugated steel panels. The building
foundation would consist of construction demolition waste (CDW) in the form of a continuous
gravel footing with a French drain. This modular design allows for flexibility and extensibility,
which can be built in different stages and expanded to meet future needs. The design is also
easily placed on hilly terrain with buildings on different terraces.
AHP and Decision Matrix
These conceptual designs were evaluated using a decision matrix of the modified design
criteria. The criteria weighting was established using an analytical hierarch processes (AHP)
(Goepel, 2013), a rational multi-criterion decision-making model that provides the means to
identify relevant factors and interrelations based on perception (Saaty, 1988). AHP was used
because of its structured ability to incorporate input from various perspectives and establish an
intensity of importance to develop a hierarchy for all criteria (Saaty, 2004). AHP has been
investigated and used for decision making in construction and engineering management for
different industry aspects. Some applications in industry include prequalification of
engineering consultants (Nazari et al., 2017), contractor selection (Fong and Choi, 2000), and
evaluating material suppliers (Nguyen et al., 2018). Each set of construction project goals are
unique to the project, including our project. AHP provides way of capturing the project-specific
goals and values.
Using a spreadsheet workbook tool developed by Goepel (2013), the priorities of the design
team were calculated from pairwise comparisons and aggregated using an eigenvector method
(Saaty, 2003) and row geometric mean method (RGMM). Pair-wise questionnaires are used
for each participant and priorities were calculated using the row geometric mean method
(RGMM). To ensure accuracy and reduce uncertainty of the results, the consistency of the
subjective judgements was measured by calculating a consistency ratio, CR. The level of
allowable inconsistency, a, was set at 10% as recommended by Saaty (1994). The detailed
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results, comparison matrix, and reference information about the specific tool we used are in
Appendix C.
The workbook consists of individual judgment sheets for pair-wise comparison, a sheet for
consolidation for all judgements, a summary sheet with the results, reference sheet (random
index, limits for geometric consistency index GCI, judgement scales), and a sheet for solving
the eigenvalue problem when using the eigenvector method (EVM). Pair-wise questionnaires
are used for each participant and priorities are calculated using the row geometric mean method
(RGMM). Two consistency indices, consistency ratio CR and geometric consistency index
GCI, are calculated. The level of allowable inconsistency, a, is a user specified input. If the
CR exceeds a, the top 3 inconsistent pair wise comparisons are highlighted to allow an
adjustment of judgements. The final priories are calculated using the eigenvector method
(EVM). The eigen value problem is solved with the power method algorithm (e.g. Larsen,
2013) is applied with a fixed number of 12 iterations.
Each design team member evaluated the criterion importance compared to the other criterion
for eight criteria: cost, construction time, cultural acceptance, labor skill and equipment,
operations and maintenance, structural resilience, material availability, and construction
sustainability. The weighted results are presented in Table 8
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Table 8. AHP Results

AHP Criteria Weighting
Weight

Criteria
Cost
Construction Time

Cultural Acceptance/
Aesthetics
Labor Skill &
Equipment
Operation &
Maintenance
Structural Resilience
Material Availability
Construction
Sustainability
AHP Results
Eigenvalue, l
CR

Rank
3.0
7
2.3
8
8.3

5

3.3

6

10.4

4

39.8
11.8

1
3

21

2

8.876
8.9%

The AHP results, shown at the bottom of Table 8, reveal the consistency, and therefore
acceptability, of our assessment. The consistency ratio, CR, for our assessment was 8.9%,
which is within our level of acceptable consistency, a = 10%.
The AHP criteria weighting results revealed the design team valued structural resilience and
sustainability the most. These results reflect the design team’s consideration for the natural
disaster that spurred the project and the design team’s awareness of the region’s limited
construction resources. Material availability and operations and maintenance were ranked
third and fourth, respectively. This result is an understandable result as the adoption and use
of the proposed design was extremely important to the success and scope of the project.
Although important, cost and time of the design were ranked the lowest. This result
demonstrates the significance of using the AHP as the criteria values deviated from standard
construction design selection practices, which primarily consider cost and time.
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Once the criteria weighting was established, using group decision making, the design team
collectively evaluated each of the design alternatives with the weighted design matrix. This
allowed for discussion of perspectives and the ability to fairly evaluate since the level of
understanding for each conceptual design alternative varied between design team members.
The decision matrix results are presented below in Table 9 and a more detailed decision matrix
is provided in Appendix C.
Table 9. Design Alternative Decision Matrix

Design Alternatives
Adobe and Steel, Concrete,
Earthbag
Bamboo
and Strawbale
Building

Criteria

Weight

Cost

3%

3

3

3

Construction Time

2%

3

4

4

Cultural Acceptance/
Aesthetics

8%

3

4

4

Labor & Equipment

3%

4

2

5

Operation &
Maintenance

10%

3

3

3

Structural Resilience

40%

3

4

5

Material Availability

12%

4

3

5

Construction
Sustainability

21%

4

4

5

100%

3

4

5

The earthbag design was the selected alternative. While all three alternatives had advantages
and disadvantages, the structural resilience, material availability, and construction
sustainability of the earthbag building design surpassed the others. While the steel, concrete,
and strawbale design considered seismic safety and light weight elements, there was risk of
mold (Kuhn and Ghannoum, 2003), combustion, and labor skill and equipment requirements
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that posed potential issues. The adobe and bamboo design considered material availability and
required lower skilled labor. However, the mass failure of many traditional style Nepali houses
and its longer construction period it was not a viable alternative. The design team then
completed the earthbag design, performed material testing, and began construction
management preparations.
Final Design and Material Testing
Various measures were taken to ensure structural resilience, the structures ability to mitigate
significant all-hazard risk, quickly recover its purpose with minimal damage to safety and
health, and structural robustness, was incorporated into the final design and construction of
the community center building. These measures are demonstrated through the final design and
material testing.
The final design was completed utilizing the building code resources specified in the
background analysis and various earthbag building resources. The roof design had to be
specifically designed and fabricated in Nepal. Since design team members weren’t able to refer
to manufacturer catalogs to select truss models/type. Care was taken to design, model, and
coordinate with the project coordinator and an in-country fabricator. The truss roof and nearly
completed construction are shown in Figure 27 and Figure 28. The final design drawings, load
and deflection modeling results, bolted connection calculations are presenting in Appendix C.

Figure 27. Dodecagonal parallel Pratt truss roof erected
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Figure 28. Nearly completed building

Material testing was performed to optimize the design’s structural resilience through quality
control and assurance. Material testing included soil analysis and earthbag material testing
performed in a laboratory and onsite and are shown in Figure 29. Material testing performed
in the lab included testing several mix designs for the earthbag fill and wall plaster. Because
of limited information on site soil conditions during laboratory testing, soil testing was
performed during the pre-construction phase using infield minimal equipment techniques to
determine the particle distribution, organic content, and mixture maintain consistency (i.e. ratio
of water, soil, clay, and binding agent) (Stouter and Ernstsen, 2016).

Figure 29. (top-left) design team preparing earthbag for testing
samples,(top-right) using a tilting drum mixer to combine mix
design material, (bottom-left) infield jar test soil samples,
(bottom-right) controlled compaction of earthbag samples for
material testing.
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5.3.3

Construction

The construction phase of this project consisted of construction training, construction
management, and community involvement. The construction phase was completed in two
phases during Summer 2016 and Summer 2017. Construction methods required efficient
manual labor with no onsite use of heavy equipment due to the lack of physical access and
limited onsite electrical power. Phase I included clearing the existing site of rubble and debris
from the demolished old building, excavation, building a gravel trench foundation,
constructing the circular earthbag structure, and building a temporary roof due to time
constraints. Phase II replaced the temporary roof with a dodecagonal parallel Pratt steel truss
roof fabricated in Nepal, constructed an exterior flat stone façade wall, and laid recycled flat
stone tile flooring. The trusses were fabricated in Kathmandu and transported to the village
using a regional dump truck and carried by hand to the site. Aspects of the construction phase
that contributed to community resilience were the knowledge sharing through training,
personal hazard reduction through safe construction management practices, and contributing
to economic capacity by hiring local labor.
Construction Training and Prototype
Efficacy and methodology of knowledge sharing for the building concept and construction
techniques were developed with construction management preparations that included building
technique training and constructing a prototype. Training included both preconstruction and
onsite training. The preconstruction training was focused on the design team learning and
practicing in-field soil and adobe mix testing and earthbag wall assembly. Testing techniques
such as the jar test (soil particle distribution and organic content), pinch test (mixture
consistency), and drop test (moisture content) (Stouter and Ernstsen, 2016) were practiced
during preconstruction activities to ensure construction quality in spite of limited testing and
analysis resources. A construction assembly activity was performed to inform time estimates
for construction activities and labor crew organization shown in Figure 30. Construction
activity timing runs were performed for pit mixing, earthbag filling, barbwire laying, and
earthbag layer compaction. Onsite training focused on teaching labor crews the building
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techniques which included mixing adobe fill and plaster, in place filling of earthbag tubing,
tap compacting, barbwire laying, wire staple manufacturing, and applying wall
plaster/rendering. Training was a key element of knowledge sharing for this project was an
important component of construction management preparations.

Figure 30. (top-left) design team discussing method for laying
barbed wire course, (top-right) using in-field fill mixing method,
(bottom-left) design team sitting on earthbag short wall
completed to determine construction timing, (bottom-right)
practing infield earthbag fill testing techniques

Construction management preparation for this project also included the construction of a
partial prototype earthbag building shown in Figure 31. The construction of the prototype took
place during April 14-18, 2016 at the UNM campus. The exercise allowed for additional
practice of the building techniques and onsite quality control tests. The prototype construction
was important for construction quality assurance as well as determining ways of onsite
training. The exercise also provided an opportunity to develop engineering questions and
insights to be incorporated into the project.
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Figure 31. (top) team member in-place compacting earthbag
layer for prototype, (middle) applying first layer of rendering,
(bottom) testing different stabilized adobe plaster/rendering
mix-designs

Primary findings from the prototype construction included construction quality considerations
and design considerations and site condition inquires. Construction quality considerations
included importance of building landing grade, techniques and considerations for earthbag
layer leveling. Design considerations included exterior wall plaster mix and application, roof
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ring beam design, and roof-to-wall connection. Many engineering questions for the in-country
engineer were related to site condition, supplies and equipment availability/transportation, and
site access.
Construction Management Practices
The construction management practices in this project exemplified resilience engineering
aspects and building community resilience by reducing exposure to general hazards by
promoting safe behaviors. In Nepal, most work environments do not have proper safety and
prevention measures. Nepalese workers lack understanding of exposures and ways of
minimizing risk (Joshi et al., 2011). Safe behavior practices were enforced during construction
by requiring anyone onsite to wear personal protective equipment (PPE) as shown in Figure
32, having an onsite construction manager approve safe construction activities, maintaining a
clean construction site, and promoting selfcare (i.e. hydration, nutrition, and first aid). Due to
conditions discovered during construction, the careful removal and disposal of medical waste
was performed and prompted the construction of a medical waste disposal facility equipped
with a furnace. Ultimately actions that promote population wellness will reduce risk or
vulnerability and therefore build community resilience (Norris et al., 2008).

Figure 32. Construction crew wearing PPE during Phase II (Spring 2017)

103

L. Jaramillo

Community involvement
Natural disasters happen to entire communities and they are exposed and must recover together
(Norris et al., 2008). Building collective resilience must develop economic resources, reduce
risk and resource inequities, and address areas of greatest social vulnerability by engaging local
people in every step (Norris et al., 2008). Community involvement in this project provided a
tool to address these necessary tasks of building community resilience and also established
community ownership of the building center. Community involvement was achieved in this
project by networking with community members, hiring a Nepalese project coordinator, and
hiring local labor.
Since the site was located next to the village health clinic, UNM team members would engage
community members walking to the health clinic. Discussions would be an exchange of the
project purpose, building method, and community’s perception and input. These interactions
occurred between design team members and community members through a project
coordinator.
A Nepalese project coordinator was hired for each construction phase and served as a liaison,
translator, and local knowledge expert. Their expertise ranged from knowledge of local social
networks, material and equipment sourcing, and coordinating transportation and lodging of the
UNM team. The project coordinator advised the design team on Nepalese cultural and social
customs. They also participated in negotiations for acquiring materials and services including
hiring local labor for the building’s construction. The project coordinator was hired prior to
the arrival of the design team and facilitated preconstruction activities (e.g. steel truss
fabrication and lumber milling) and the hiring of local labor.
The project coordinator worked with the people at the Dhulikhel Hospital clinic in Bahunipati
to find local laborers and negotiate wages. One of the greatest direct project impacts was
through the use of local community labor, shown in Figure 33. Skilled and unskilled labor was
required for the construction of the earthbag building. Men and women of varying skill level
were hired in an effort to promote inclusion, acceptance, and mitigate discrimination (Bennett,
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2008). This effort boosted natural occurring social support as described by Norris et. al. (2008).
Gender, class, and caste segregation and discrimination inhibit the efficiency and effectiveness
of social networks and hinder community resilience. Employing local labor of different social
status provided financial opportunities and work experience where there was none before.
Some of the women employed had never worked a paying job. Hiring local community
members contributed to economic equity, which is part of construction sustainability (Du
Plessis, 2007). These construction activities helped ensure the longevity and maintenance of
the building, enhanced the community’s adaptive capacity through training, community
involvement, and established a shared ownership.

Figure 33. Local labor for Phase I of the construction phase

5.4 Discussion
We utilized a set of social and engineering tools to enact the holistic nature of resilience and
the broad objectives of RE (as articulated by Woods and Branlat (2006)) in an effort to build
community resilience through the planning, design, and construction of a small community
center. We attempted to influence a community’s adaptive capacity and identify vulnerabilities
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and risky behavior or exposure to hazards through several civil engineering and construction
management activities. Our work’s primary contribution to RE-informed project planning
consisted of multi-discipline collaborations and a community workshop. The contributions to
RE-informed design included an intensive background assessment which was used to establish
project-specific constraints and criteria, including structural resilience and construction
sustainability. The design-phase contributions also included an analytical hierarchy process
(AHP), a decision-making tool, to determine the most suitable design alternative. The REinformed activities of the construction phase focused on hazard reduction through construction
safety and structural resilience through construction training, construction management, and
community involvement. Empowering the community with knowledge of material resources
and building techniques for the project, the building design is a model that community
members could adopt to rebuild their own homes.
The All-hands meeting workshop was an important aspect of this project that provided an
opportunity for direct communication between all involved stakeholders (i.e. local women’s
community groups, the local health clinic professionals, engineering and administrative
officers from Kathmandu University, and University of New Mexico engineering students and
faculty ). The meeting established future goals, priorities, and needs for the community and all
the stakeholders. The responses invoked a sense of ownership and belonging. The building
reference manual detailing the construction, maintenance, and a list of sustainable technologies
was provided as a resource for upkeep and replicability of the building design.
As Nightingale (2003) states the importance of local-scale case studies on complex socioecological systems due to the variable results at large scales, our project would not be possible
given our resources for any other scale. Our work required the community scale for specified
information. Initiatives and priorities for one system may not be applicable or successful for
another as there are diverse system influences. The significance of cultural practices, social
customs, and political regulation on the condition of socio-ecological systems has been
established by previous work (Adhikari et al., 2016; Nightingale, 2003; Norris et al., 2008) and
discussed in our work. Based on this understanding implementation strategies must be system
and situation specific with careful consideration for community involvement.
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Our project emphasized the need and value of knowledge sharing and collaboration to
determine essential priorities and information. While we incorporated elements from our basic
understand of collaborations and stakeholder involvement, future work could consider
advancements in communication and collaboration. While our project modeled that of a typical
multi-stakeholder initiative, this type of initiative lacks shared measurement of progress and
mutual accountability. Utilizing principles rooted in collaboration practice, such as those of
Collective Impact (Kania and Kramer, 2011), could promote effective use of social resources
and knowledge. These principles include common agenda, shared measurement systems,
mutually reinforcing activities, continuous communication, and backbone support
organizations. Collective impact has been incorporated as a tool into other projects focused
building community resilience such as Ellis and Dietz (2017), who addressed childhood health.
We used another group decision making tool for our project, AHP.
Future work could consider investigating the advancements in the field of AHP and fuzzy
logic. Fuzzy Analytical Hierarchy Process (FAHP) combines the ability of AHP to establish
criteria weighting and the ability of fuzzy set logic to manage the uncertainty of imprecise
judgements attributed to human perception (Leung and Cao, 2000). However, attention should
be given to issues addressing fuzzy consistency when using FAHP. It has been a recognized
issue (Islam et al., 1997; Leung and Cao, 2000; Salo, 1996).
While our specific approach may not work for all community-development construction
projects, aspects and processes from our work could be useful to other projects. Perhaps our
work could serve as a pilot project. Aspects and processes included in our work could be
refined and adopted by leading entities in the construction engineering and management
industry. Additionally, future work could include linking this work and others to processes
already adopted by the construction engineering and management industry such as
organizations like the US Green Building Council (USGBC) and their Leadership in Energy
and Environmental Design (LEED) program and certification. This type of exercise could
bridge the separate bodies of knowledge on construction sustainability, structural resilience,
and SES resilience (community resilience).
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However, the primary objective of our project is not to develop a rigid procedure for
implementing construction projects, as every project is unique. The intent is to promote wellfounded interventions whose primary goal is building community adaptive capacity.
This chapter serves as an initial qualitative assessment of the entire project as an educational
intervention to build community resilience. A structured resilience assessment of this project
was not performed given the extent of the project and its various phases. More importantly, in
order to evaluate the outcomes of the project, system response time is needed to see the impact
of the intervention. Future work could include an assessment; however, the nature of our work
revealed the point that resilience assessment selection should be based on project and system
specific contexts. A sole quantitative assessment, such as an index-based assessment, may be
feasible for our project, but would not be appropriate or well-suited. Contemplating the end
goal of the intervention helps illuminate the appropriate assessment type (i.e. quantitative or
qualitative vulnerability assessment framework or system framework as discussed in Chapter
2). Potential assessment frameworks to be considered for our work include an resilience
assessment such as the resilience analysis grid (RAG) (Hollnagel, 2011), or Resilience
Alliance assessment (Gunderson et al., 2010), or the adaptive capacity wheel (Gupta et al.,
2010).
5.5 Conclusion
Our work serves as a pilot project which emphasizes the importance of establishing ownership,
capacity, and replicability for building community resilience interventions. We outline some
ways in which advancements can be made off our work. An assessment of the impact of our
work, qualitative or semi-quantitative, could be performed now that time has elapsed since the
completion of our project. Our work highlighted the need for community involvement based
on the significance of culture, social constructs, and politics on the status of socio-ecological
systems, specifically communities. We used a sophisticated decision-making tool, AHP, to
efficiently and effectively introduce opportunity for direct involvement and prioritize project
specific perspectives. We recognize and encourage advancement of our work with the
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consideration for collaboration techniques and fuzzy set logic to handle uncertainty associated
with human judgement. Our work serves as an initial attempt to bridge the separate bodies of
knowledge on construction sustainability, structural resilience, and SES resilience (community
resilience). Ultimately, the intent of our work is to promote well-founded interventions whose
primary goal is building community adaptive capacity.
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6

DISCUSSION AND CONCLUSION

Resilience is a tool for holistically understanding and influencing system behavior and
function. Combining two resilience fundamental frameworks, Panarchy and RE aspects
(discussed in Chapter 1 and shown in Figure 34) revealed the ability to tackle these systems at
different scales and for different purposes. The primary intent of my work is to demonstrate
and promote comprehensive assessments and well-founded interventions that build adaptive
capacity and reduce system vulnerability. My work shows three implementations to serve as
models. Presenting these models as a whole body of work revealed several overarching
observations. Those observation are discussed below.

Figure 34. Dissertation Theoretical Framework
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6.1 Discussion
Panarchy Scale
Studying SESs of various panarchal scales provided a unique perspective that revealed the
concept that everything scales. The amount of resources needed (i.e. time, finances, people) to
execute the RE aspects is correlated to the system scale it is performed at. The study presented
in Chapter 3 demonstrated a large-scale implementation of the panarchy. The data required for
the vulnerability assessment was extensive and required the use of country-wide census data
to measure the vulnerability of the five development regions in Nepal. The amount of time,
money, and people required to collect all the data and synthesize the data is performed every
10 years. Continued monitoring of water resource vulnerability in Nepal using similar data
sources would be confined to a 10-year time interval. For smaller scale systems, accessing or
collecting data becomes more manageable and therefore could be performed faster, cheaper,
and with less people. Chapter 4, Modeling Resilience, discussed the aspects needed to model
at the intermediate scale of the panarchy. A modeling project at this scale requires substantial
time, money, and effort as demonstrated by the 6-year transdisciplinary watershed project
described in Kachergis et al. (2013). The study presented in Chapter 5 demonstrated a smallscale implementation of the panarchy. The money and effort needed to plan, design, and
construct a community center building in Bahunipati, Nepal spanned 2-years. The intervention
focused on building community resilience required the collaboration and involvement of many
people, about 50, with a core team of about 5. Larger scale projects would require even more
resource. Future work could continue to explore and develop this idea by evaluating time,
money, and people required to perform various panarchal scale projects.
Diverse SES Findings
While it may have been intuitive to evaluate a single system at each of the panarchal scales
presented in the dissertation theoretical framework shown in Figure 34, valuable information
was learned from studying three distinctly different SES systems, that would otherwise not be
discovered. A panarchal evaluation of a single system would have developed system specific
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knowledge and less general findings. Evaluating different SESs created more of a theoretical
understanding of resilience principles.
One fundamental observation made through exploring different SESs was the need for
different types of framework assessments based on system-specific characteristics. The diverse
nature of my body of work required me to investigate the different types of frameworks
(discussed in Chapter 2) and implement them in Chapter 3 and Chapter 4. This observation
revealed the existence of system-appropriate resilience engineering practices.
The need for intentional and appropriate intervention selection for the specific goal of the SES
system was also learned from studying different SESs. Recall system interventions include (1)
fiscal and monetary, (2) management guidelines, (3) educational, and (4) political and
institutional (Gunderson et al., 2010). The ability of an intervention to influence the system is
dependent on the strength of linkages between system components. For example, in Chapter 5
we implemented an educational intervention which directly influenced the members of the
community. The members of the community have strong connections to social, built, and
environmental components of the system. These strong linkage makes an educational
intervention an effective type to influence this SES. In comparison, the work from Chapter 4
could inform a management guideline intervention directly influencing the environmental
component of the SES (i.e. riparian ecosystem).
Several observations were revealed from the evaluating SESs in developing and developed
nations. The chapters studying Nepal (Chapter 3 and Chapter 5) revealed the influence of
culture, human resources, and financial resources on the behavior and response of SESs. Real
change is sustained. The intent of interventions is to make sustained improved changes to the
betterment of the system. The work in Chapter 5 required us to consider resources, materials,
and techniques available before and after the UNM design team was executed the project in
Nepal.
Studying diverse systems with variable governance and natural resources illuminated the point
described by Longstaff et al. (2010). Systems can have variable resources and adaptive
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capacity, but still have the same relative resilience. For example, in Chapter 3 we described
the system limitations affiliated with the government’s inability to enforce laws which
increased the vulnerability of the system despite its extensive water resources. While water
regulations in the western US are quite extensive due to accumulation of water laws and many
governmental boundaries. These laws and boundaries restrict the ability to implement
necessary interventions.
Resilience as a multi-tool
Resilience engineering practices are valuable tools which are used to develop well founded
interventions and build system capacity. I have shown the flexible nature of RE practices by
applying them to a range of scales and diverse SESs. Resilience assessments are process-based
methods for identifying system strengths and weaknesses regardless of stress type. My body
of work evaluated systems subjected to different disturbances, hydropower, wildfire,
infrastructure development, debris flows, and earthquakes. Resilience engineering enforces a
holistic approach, which is often lost in engineering practice. For example, typical engineering
design criteria exclude cultural acceptance. The aspects of the system considered by using
resilience engineering practices influence the final product.
Collaboration Techniques
My body of work, encompassing Chapter 2, Chapter 3, Chapter 4, and Chapter 5, emphasized
the need and value of knowledge sharing and collaboration to determine essential priorities
and information. My work also demonstrated the ability of resilience frameworks (described
in Chapter 2) to address the silo issue, which is the challenge of consolidating and
disseminating expert knowledge and information. More specifically, segregation of knowledge
and information is a challenge between stakeholders within the same system. This
communication breakdown can also occur between panarchal scales (i.e. small, intermediate,
large). Stakeholders at one scale may not be involved in decision making at another scale. The
collaborations and knowledge-sharing utilized in my work could be more effective as it lacked
shared measurement of progress and mutual accountability.
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Future work could consider advancements in communication and collaboration tools, methods,
and understanding. Utilizing principles rooted in collaboration practice, such as those of
Collective Impact (Kania and Kramer, 2011), could promote effective use of social resources
and knowledge. These principles include common agenda, shared measurement systems,
mutually reinforcing activities, continuous communication, and backbone support
organizations. Collective impact has been incorporated as a tool into similar work such as the
Elizabeth River Project, a restoration project in Virginia, US which engaged over 100
stakeholders, and the work of Ellis and Dietz (2017), who focused on building community
resilience by addressed childhood health. Furthermore, multi-stakeholder advancements and
tools could be used to facilitate resilience assessment workshops consisting of representatives
from all panarchal scales.
One size doesn’t fit all (Resilience Assessment requirements)
Execution of this body of work has revealed some fundamental observations about the use and
selection of resilience assessments. Care should be taken when selecting a resilience
assessment method. Different systems experience different stresses and therefore require
system-specific tools to properly track the system behavior. Selection should be dependent on
the overall goal, scale, and system-specific characteristics. System specifics include quality
and quantity of available information and data sources as discussed in Chapter 3. If the
assessment is used to track the impact of a system intervention, like in the building community
resilience project presented in Chapter 5, adequate response time must be allotted to accurately
and appropriately measure any significant feedback. Response times will scale with the system
(i.e. small, intermediate, and large) as represented in panarchy (Gunderson and Holling, 2002).
However, specific response time duration is reliant on each system and situation. Future work
could explore appropriate selection and timing of resilience assessments on SESs.
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Panarchy scale vs RE aspect pairings
Another observation revealed by my body of work relates specific panarchal scales with the
three-fundamental aspects of RE. Certain aspects of RE are most suitable for certain scales of
panarchy given the level of system complexity and the interventions ability to influence the
system. The monitoring or measuring resilience (RE.1 and Chapter 3) can be implemented at
all three scales, depending on the level of detail or effort required to obtain new data. Modeling
resilience (RE.2 and Chapter 4) was found to be most appropriate at the intermediate scale. I
implemented the modeling aspect at the watershed (intermediate) level. At a smaller scale (sub
basin or reach scale) the information learned from modeling is likely not beneficial enough to
merit the required effort. On the other hand, the level of complexity of modeling at the large
scale (Mega-watershed) is not feasible without breaking up into smaller parts. Interventions
focused on building resilience (RE.3 and Chapter 5) were found to be most appropriate at the
small scale. Other scales, intermediate and large, are not feasible for most interventions due to
limitations of human and financial resources. The underlining knowledge from Chapter 5 and
Nightingale (2003) that subsystems are diverse also poses an issue for building resilience at
larger panarchal scales. These larger scales are made up of smaller diverse systems and
solutions for one subsystem may not work for another. Based on this observation consideration
for the panarchal scale and aspect should be given.
Converging Bodies of Knowledge
The transdisciplinary nature of resilience theory and resilience engineering (RE) practice
requires the convergence of separate field-specific bodies of knowledge that have developed
over decades. This merging of knowledge has been ongoing, and my body of work aspires to
contribute. My body of work serves as an attempt to bridge the separate bodies of knowledge
on SES resilience (including panarchy), resilience engineering, community resilience,
construction sustainability, and structural resilience. This convergence strengthens the body of
knowledge to reference for future work and field advancements. This convergence also
provides a common language to speak to one another.
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Ultimately, the intent of my work is to promote well-founded interventions which result in
building adaptive capacity and reducing system vulnerability. Well-founded interventions can
be developed by initial reflecting on the foundational questions, Resilience of what? To
what?discussed by Gunderson et al.,(2010) and formalized in Chapter 2.
Transformation
One important theoretical concept that could advance my body of work is investigating system
transformation for SES. My body of work focused on proceeding phases: defining (Chapter 2),
measuring (Chapter 3), modeling (Chapter 2), and building (Chapter 3). The next phase after
building resilience, after well-founded interventions to restore an impaired system have failed,
is transformation. In this situation, resilience management reduces the resilience of the existing
regime and enhances the resilience of a desirable regime or state (Walker et al., 2002). The
knowledge gained from using a framework to monitor system resilience (discussed and
presented in Chapter 2, Chapter 3, and Chapter 4) can inform interventions and whether system
transformation is eminent or should be planned. Additionally, the Resilience Alliance provides
guiding questions and point(Gunderson et al., 2010):
Has the information gained led to the need for radical change?
Has the option for resolving the problem through adaptation passed?
Is there a change at an acceptable outcome?
If not, then the intervention must focus on redefining the system and how it can become a
different system.
Transformation of the system may become the goal of an impaired socio-ecohydrological
system. Future work could advance the understanding developed from this body of work and
incorporate the resilience concept of transformation.
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6.2 Conclusion
Intellectual Merit
The intellectual merit of my body of work is the advancement of knowledge and understanding
within the field of resilience engineering and all the sub-disciplines within engineering (e.g.
civil, water resources, ecological, safety, industrial, electrical, transportation, and mechanical).
Specifically, advancing the applications of RE fundamental aspects at various system-scales
(i.e. large, intermediate, and small). My dissertation suggests and explores potentially
transformative concepts by implementing real-world applications of RE and evaluating their
impact. The motivation, rationale, and theoretical framework discussed in Chapter 1
demonstrate the grounded, well-reasoned, and well-organized foundation for the work
presented. The overarching assessment presented in this chapter presented key findings and
linkages between panarchal scales and RE aspects. The review of literature presented in this
manuscript, institutional support, and available data resources and tools represent the adequate
support and foundational knowledge to carry out the work. The broader conclusions presented
in this chapter demonstrate my academic capacity to execute the research presented in this
manuscript with integrity.
Broader Impacts
Empowering SES with information resources and models to mitigate and avoid negative
impacts from inevitable disturbances, such as shock and stresses, is a broader impact of this
body of work. The information developed and presented in this dissertation serves as a
knowledge base. Carrying out this work has presented models and approaches for others to
emulate and adapt. My dissertation has also outlined key findings, presented in this chapter,
that can inform future research in the field of resilience engineering and resilience of socialecological systems. Improved decision-making for social-ecological system management
through the uses of communication and collaboration tools and techniques is another benefit
from this body of work. The aim of my dissertation is to provide awareness of RE uses,
benefits, and challenges from a demonstrative context. The implementations within the body
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of work provide observations and develop conclusions that enhance the state of the science
and present a clear direction of future research. The fields of resilience and RE are converging
from a decentralized development, which strengthens the knowledge resources for future work
of all subdisciplines and providing a single language to speak to one another as resilience is
inherently transdisciplinary. This body of work contributes to that merging of knowledge.

Thank you
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APPENDIX A CHAPTER 3 ADDITIONAL INFORMATION
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Vulnerability Index Spreadsheet Workbook
This spreadsheet document calculates the Adaptive Capacity Index (ACI), Water Stress Index (WSI),
and Vulnerability Index (VI) for the 5 Development Regions in Nepal: Far Western, Mid-Western,
Western, Central, and Eastern.
Created by Lauren Victoria Jaramillo (alwayslo@unm.edu)
References
International Labour Organization (ILO) Resolutions Concerning Economically Active Population,
Employment, Unemployment and Underemployment Adopted by the 13th International Conference of
Labour Statisticians, October 1982, para. 5. (https://stats.oecd.org/glossary/detail.asp?ID=730)
Babel, Mukand S., Vishnu P. Pandey, Aldrin A. Rivas, and Shahriar Md. Wahid. “Indicator-Based
Approach for Assessing the Vulnerability of Freshwater Resources in the Bagmati River Basin,
Nepal.” Environmental Management 48, no. 5 (September 14, 2011): 1044.
https://doi.org/10.1007/s00267-011-9744-y.
Rickwood, Carrie, and Geneviève Carr. “Global Drinking Water Quality Index Development and
Sensitivity Analysis Report.” UNEP; WaterGEMS, 2007.
http://www.un.org/waterforlifedecade/pdf/global_drinking_water_quality_index.pdf.
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Vulnerability Index Parameters
Parameter

Weight

Development Region
Far
MidWestern Central
Western Western

Eastern

Water Stress Parameter
WR variation (WV)

0.22

0.56

1.00

1.00

0.77

0.51

WR scarcity (WS)

0.41

0.61

0.54

0.48

0.53

0.62

WR exploitation (WE)

0.27

0.08

0.07

0.55

0.66

0.29

Water pollution (WP)

0.1

0.62

0.63

0.52

0.54

0.53

0.46

0.52

0.62

0.62

0.50

Water Stress Index (WSI)

Adaptive Capacity Parameter
Natural Capacity (NC)

0.12

0.70

0.62

0.68

0.54

0.49

Physical Capacity (PC)

0.33

0.66

0.53

0.75

0.73

0.63

Human Resource Capacity (HRC)

0.37

0.59

0.60

0.62

0.55

0.60

Economic Capacity (EC)

0.18

0.34

0.37

0.40

0.44

0.40

Adaptive Capacity Index (ACI)

-

0.58

0.54

0.63

0.59

0.56

Vunerability Index (VI)

-

0.79

0.98

0.98

1.05

0.89
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Hydropower Development
Hydropower Development Assessment

Develop
ment
Region
Far
Western
MidWestern
Western
Central
Eastern
Nepal

Develop
ment
Region

Total
No. Dams
Power
(Operational) Capacity
(MW)

Dam Density
(No./1000 sq.km)

Power
Density
(MW/sq. km)

Power
Density
(MW/No.
Dams/sq. km)

Dam
Density
(No./Popula
tion in
1,000,000)

Dam Density
(No./Pop.
Density)

Power
Density
(KW/sq.
km)

Power Density
(KW/No. Dams/sq.
km)

Power Density
(KW/sq. km)

Power
Density(KW/Population
in 100,000)

1

8.50

0.051180

0.000435

0.000435

0.008

0.392

0.44

0.44

0.44

0.033

2
28
31
14
76

16.25
457.076
339.663
96.040
917.529

0.047194
0.952446
1.130974
0.491988
0.516371

0.000383
0.015548
0.012392
0.003375
0.006234

0.000192
0.000555
0.000400
0.000241
0.000082

0.024
0.167
0.088
0.069
0.422

0.564
5.683
3.210
2.409
2.869

0.38
15.55
12.39
3.38
6.23

0.38
15.55
12.39
3.38
6.23

0.19
0.56
0.40
0.24
0.08

0.064
1.791
1.331
0.376
3.595

Total
No. Dams
Power
(Operational) Capacity
(MW)

Total Annual Energy Mean Altitude
Generation Capacity
Above Sea Area (sq. km)
(kWh)
Level (m)

Estimated Annual
Stored Volume
(m3)

Storage
Capacity
(m3/km2)

Estimated
Water Use
(m3/capita/
year)

Estimated Water Use
(m3/region/year)

Storage Capacity
(Stored Volume /
Estimated Water Use
Volume)

Far
Western

1

8.50

26,061,000.00

1,733

19,539

5,520,181

282.52

337.68

861,933,941

0.01

MidWestern
Western
Central
Eastern
Nepal

2
28
31
14
76

16.25
457.076
339.663
96.040
917.529

49,822,500.00
1,401,395,016.00
1,041,406,758.00
294,458,640.00
2,813,143,914.000

2,257
1,456
1,681
1,984
1,822

42,378
29,398
27,410
28,456
147,181

8,102,450
353,286,548
227,308,032
54,464,894
566,601,432

191.19
12017.37
8292.89
1914.00
22697.97

337.68
337.68
337.68
337.68
337.68

1,197,643,578
1,663,670,005
3,260,970,695
1,962,445,892
8,946,664,111

0.01
0.21
0.07
0.03
0.06

Potential Metrics

Dam Density

River Regulation Index (RRI)
River Connectivity Index (RCI)
Degree of Regulation (DOR)
Residence Time

Explanation
No. of Dams/ Watershed or Region Area (used
for Connectivity/ Fragmentation)
Expand on Degree of Regulation (DOR):
∑DORi(river reach volume/Volume of total river)
∑( I to n, no. fragments) (v, frag. Volume * c, no.
distinct river classes in reach)/(V, Volume of total
No. of Dams Upstream of reach
Reservoir Storage/ Mean Annual Discharge

Note:
*Hydropower Dam information from the Ministry of Energy,
Government of Nepal.
masl google earth pro
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Natural Capacity
Natural Capacity
Development
Region
Far Western
Mid-Western
Western
Central
Eastern
Nepal

Vegetated cover
(ha)

Total Land
(ha.)

1,372,837.00
1,973,109.00
2,657,315.00
4,256,342.00
2,012,853.00
2,948,852.00
1,472,369.00
2,746,259.00
1,406,284.00
2,850,597.00
12,983,289.00 14,775,159.00

Vegetated
cover (%)
0.70
0.62
0.68
0.54
0.49
0.88

Note:
Source:
vegetated area = Forested area, shrub, water, and snow
Environmental Statistics of Nepal (2013) (CSB)
Department of Forest (Information System Development Project for the
Management of Tropical Forest; Activity Report of Wide Area and Tropical
Forest Resource Survey, March 2001).
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Table 5.4 : Land Use Pattern by District

S.N.

Development
Region

District

Total Forest
Shrub (ha.)
Area (ha.)

Agricultural
land/ grass
(ha.)

Water
bodies (ha.)

Barren land
(ha.)

Snow (ha.)

Others (ha.)

Total (ha.)

Total
Vegetated
Area (ha)

1 Eastern

Taplejung

112256

56362

70946

405

37757

60115

27496

365337

2 Eastern

Panchthar

53182

14369

54078

181

326

29

0

122165

229138
67761

3 Eastern

Ilam

72214

31649

64595

236

2873

0

0

171567

104099

4 Eastern

Jhapa

13239

1863

141795

778

6517

0

0

164192

15880

5 Eastern

Morang

43814

6040

126955

1374

4996

0

0

183179

51228

6 Eastern

Sunsari

21304

1508

91799

6262

6861

0

0

127734

29074

7 Eastern

Dhankuta

26324

14598

47350

549

982

0

0

89803

41471

8 Eastern

Terhathum

20033

12489

34917

129

494

0

0

68062

32651

9 Eastern

Sankhuwasabha

159872

48476

71335

975

23723

40825

0

345206

250148

10 Eastern

Bhojpur

61448

22207

66525

552

1284

0

0

152016

84207

11 Eastern

Solukhumbu

86002

49628

67424

571

59670

50037

19509

332841

186238

12 Eastern

Okhaldhunga

32363

15592

58858

352

729

0

0

107894

48307

13 Eastern

Khotang

61039

22571

74328

931

2020

0

0

160889

84541

14 Eastern

Udayapur

109404

15766

70005

1150

6587

0

0

202912

126320

15 Eastern

Saptari

30286

82

94397

3154

8169

0

544

136632

33522

16 Eastern

Siraha

20202

679

94268

818

4201

0

0

120168

21699

17 Central

Dhanusa

25773

1832

83617

1300

5158

0

0

117680

28905

18 Central

Mahottari

24086

1602

70897

1224

4836

0

0

102645

26912

19 Central

Sarlahi

21786

918

100624

488

2834

0

0

126650

23192

20 Central

Sindhuli

136302

25708

71842

1268

8442

0

0

243562

163278

21 Central

Ramechhap

48477

33076

67900

620

6149

3906

0

160128

86079

22 Central

Dolakha

78111

41194

54778

401

16031

22913

2985

216413

142619

23 Central

Sindhupalchok

92955

36017

67105

162

17404

32560

2679

248882

161694

24 Central

Kavre

46448

29511

67492

434

750

0

0

144635

76393

25 Central

Lalitpur

14620

8250

15553

125

999

0

0

39547

22995

26 Central

Bhaktapur

583

611

5440

1

316

0

0

6951

1195

27 Central

Kathmandu

12680

5219

22677

69

2375

0

0

43020

17968

28 Central

Nuwakot

42916

23526

48412

405

2405

1352

0

119016

68199

29 Central

Rasuwa

47494

15667

9443

54

8983

25138

44308

151087

88353

30 Central

Dhading

79205

31945

66322

745

4464

6382

0

189063

118277

31 Central

Makwanpur

137220

22578

75529

817

5696

0

0

241840

160615

32 Central

Rautahat

29076

563

78805

715

3332

0

0

112491

30354

33 Central

Bara

37974

1394

78480

298

1997

0

0

120143

39666

34 Central

Parsa

73131

922

63342

181

2513

0

0

140089

74234

35 Central

Chitawan

132746

6230

77280

2465

3696

0

0

222417

141441

36 Western

Gorkha

101158

52885

62886

497

23616

119141

0

360183

273681

37 Western

Lamjung

87552

22328

30999

607

9116

15162

0

165764

125649

38 Western

Tanahu

71949

18881

60850

1004

1410

49

0

154143

91883

39 Western

Syangja

51214

16685

45515

707

1293

74

0

115488

68680

40 Western

Kaski

89087

24881

28361

1803

10417

47308

0

201857

163079

41 Western

Manang

11760

20304

279

378

29828

165154

0

227703

197596

42 Western

Mustang

16723

23587

285

272

78241

229295

10856

359259

269877

43 Western

Myagdi

67898

51574

16744

330

23035

70444

0

230025

190246

44 Western

Parbat

26189

7756

15371

141

735

7

0

50199

34093

45 Western

Baglung

91505

39702

21453

391

24612

1738

0

179401

133336

46 Western

Gulmi

51649

26853

36524

364

3033

80

0

118503

78946

47 Western

Palpa

72607

23736

44332

538

70

42

48 Western

Nawalparasi

89635

15210

104672

3260

9260

25

49 Western

Rupandehi

19897

3989

99894

1807

9063

50 Western

Kapilbastu

60500

2232

104141

2632

3951

51 Western

Arghakhanchi

69961

19414

24292

302

52 Mid-Western

Pyuthan

93042

3919

24587

53 Mid-Western

Rolpa

150095

486

54 Mid-Western

Rukum

174725

55 Mid-Western

Salyan

143786

56 Mid-Western

Dang

57 Mid-Western

141325

96923

0

222062

108130

0

0

134650

25693

0

0

173456

65364

865

0

0

114834

89677

526

8547

0

0

130621

97487

16458

67

19027

0

0

186133

150648

2130

12961

130

77148

23253

0

290347

200238

2610

36419

526

7337

0

0

190678

146922

170124

8233

106934

1727

10343

0

0

297361

180084

Banke

104269

9461

71475

1923

6296

0

0

193424

115653

58 Mid-Western

Bardiya

99364

5300

85809

2548

4756

0

0

197777

107212

59 Mid-Western

Surkhet

157687

33269

48653

1899

7556

0

0

249064

192855

60 Mid-Western

Dilekh

88699

20705

36341

167

8812

353

0

155077

109924

61 Mid-Western

Jajarkot

151306

1088

24126

489

43401

4095

0

224505

156978

62 Mid-Western

Dolpa

60603

3910

77

764

474881

249817

0

790052

315094

63 Mid-Western

Jumla

110531

1118

19819

338

98595

18566

0

248967

130553

64 Mid-Western

Kalikot

87165

3846

15560

0

48264

9588

0

164423

100599

65 Mid-Western

Mugu

87312

9387

20729

1360

139358

69568

0

327714

167627

66 Mid-Western

Humla

41051

21954

12584

677

112174

421759

0

610199

485441

67 Far Western

Bajura

72507

23982

31414

264

32110

63897

0

224174

160650

68 Far Western

Bajhang

92391

39713

43697

440

38826

139599

0

354666

272143

69 Far Western

Achham

99144

16967

45102

422

6219

154

0

168008

116687

70 Far Western

Doti

141848

17277

44839

311

2049

10

0

206334

159446

71 Far Western

Kailali

169708

14761

129769

2330

4715

0

0

321283

186799

72 Far Western

Kanchanpur

84420

2207

71938

1361

5680

0

0

165606

87988

73 Far Western

Dadeldhura

105937

11280

31359

212

1306

0

0

150094

117429

74 Far Western

Baitadi

72020

27751

46368

370

1229

0

0

147738

100141

75 Far Western

Darchaula
Total

58177
5599760

31218
1283231

32902
4061631

591
64664

30750
1683493

81568
1974003

0
108377

235206
14775159

171554
12983289
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Physical Capacity
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Economic Capacity
Economic Capacity
Total
Population
over the
age of 5

Development
Region
Far Western
2,255,912
Mid-Western
3,137,939
Western
4,474,720
Central
8,783,955
Eastern
5,274,015
Nepal
23,926,541
Max.
Annual
Income
(USD)
40000

Per Capita
Income,
PPP
(USD)

GDP
Index

767
906
1,104
1,429
1,088
1,059

0.26
0.37
0.32
0.36
0.33
0.33

GDP
Index,
PPP
0.34
0.37
0.40
0.44
0.40
0.39

Min.
Annual
Income
(USD)
100

Note:
*GDP Index was calculated using maximum (max) and minimum (min) goal posts set in
alignment with the 2014 UNDP. max = $40,000 min. = $ 100
GPD Index = log(per_capita_income) log(min)/ log(max)- log( min)
Numbers used in Babel 2012 are GDP Index, PPP
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Human Resource Capacity
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WR Exploitation
Water Resource Exploitation

Development
Region
Far Western
Mid-Western
Western
Central
Eastern
Nepal

Dam Density
(No. of
Dams/1000
sq.km)

Land
Degradation
(Area affected %)

Annual
Water
Freshwater Exploitation
Withdrawals
(WE)

0.05
0.05

0.038
0.015

0.120
0.120

0.95
1.13
0.49
0.52

0.018
0.028
0.020
0.024

0.120
0.120
0.120
0.120

0.08
0.07
0.55
0.66
0.29
0.31

Note:
https://www.eea.europa.eu/data-and-maps/indicators/use-of-freshwater-resources2/assessment-2
http://databank.worldbank.org/data/Views/Reports/ReportWidgetCustom.aspx?Report_
Name=CountryProfile&Id=b450fd57&tbar=y&dd=y&inf=n&zm=n&country=NPL
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WR Variation
Water Resource Variation

Development
Region
Far Western
Mid-Western
Western
Central
Eastern
Nepal

Average
Annual
Rainfall
(mm)

Sample
Standard
Deviation
Rainfall
(mm)

1,444
1,216

575
570

2,348
1,923
1,762
1,865

1,436
607
633
1,007

Coefficient
of
Variation
Rainfall
(CV)

Water
Resource
Variation (WV)

0.40
0.47
0.61
0.32
0.36
0.54

0.56
1.00
1.00
0.77
0.51
1.00

Critical
Threshold

0.400
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Water Pollution
Water Pollution

Development Region

Households
without toilets Major River
Ordinary
pH
toilets

Far Western
68%
Mid-Western
69%
Western
46.4%
Central
49.7%
Eastern
69.3%
Nepal
61%
WHO Guideline

8.9
7.8
8.2
7.8
7.5
8
6.5-8.5

Major River
TDS (mg/l)
187.0
208.0
222.0
213.0
96.7
185
100.0

Scaled
Major River Major River
Normalized
Failure Rate
Normalized
DO (mg/l) BOD (mg/l)
Excursion
Excursion
7.8
9.3
9.3
8.7
8.9
9
5.0

1.8
1.1
2.0
2.5
2.0
2
3.0

75
75
75
75
50
75

0.37
0.46
0.51
0.45
0.17
0.39

27
32
34
31
14
28

WQI of
Major
Rivers

WP
Parameter

44
42
42
43
63
43

62
63
52
54
53
59

Note:
Water pollution was estimating using the percentage of the pop. that uses sanitation sources that are
non-point sources (NPS) and river water quality data. The river data came from the Department of
Hydrology and Meteorology, Environmental Statistics Report of 2013 ( CBS, A compendium , 1998)
table 6.13.
Unimproved sanitation was considered to be 'without toilet' and 'ordinary toilets'
Modified water quality index based on CWQI from Global Drinking Water Quality Index Development
and Sensitivity Analysis Report (2007). Since lab test data wasn't available the Frequency parameter
was removed from the WQI equation and the scope and amplitude parameters were used.
"Instead of normalizing observed values to subjective rating curves, the Canadian Water Quality
Index (CWQI) compares observations to a benchmark, where the benchmark may be a water quality
standard or site-specific background concentration (CCME, 2001; Khan et al., 2003; Lumb et al.,
2006). The CWQI quantifies for one station, over a predetermined period of time (typically one year),
the number of parameters that exceed a benchmark, the number of records in a dataset that exceed
a benchmark, and the magnitude of exceedance of the benchmark. The index is flexible in terms of
the benchmarks that are used for calculation, and depends on the information required from the
index: that is, guidelines for the protection of aquatic life may be used (when available) if the index is
being calculated to quantify ecological health of the water, or drinking water quality guidelines may be
used if the interest in the index is in drinking water safety. Alternatively, information describing natural
background conditions for a station or region may be used as benchmarks when trying to quantify
deviation from natural conditions. Sites at which water quality measurements never or rarely exceed
the benchmark have high CWQI scores (near 100), whereas sites that routinely have measurements
that exceed benchmarks have low CWQI scores (near 0). "
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Water Scarcity
Water Scarcity

Development
Region
Far Western
Mid-Western
Western
Central
Eastern
Nepal

Tap/Piped
(%)

Tubewell/
Handpump
(%)

40.3%
47.5%
64.3%
48.0%
36.1%
47.3%

39.8%
24.5%
22.2%
33.7%
52.9%
34.6%

Covered Well Uncovered
(%)
Well (%)
1.6%
3.1%
2.1%
3.6%
0.8%
2.3%

3.4%
8.0%
3.9%
4.4%
4.5%
4.8%

Spout (%)
10.2%
12.6%
5.6%
3.7%
3.5%
7.1%

River/Stream
Poor Access
Other (%)
(%)
(% )
2.8%
2.9%
0.7%
0.6%
0.7%
1.5%

1.2%
0.9%
0.7%
5.2%
0.9%
1.8%

59%
52%
35%
51%
63%
52%

Adequacy of Gov.
Drinking Water Facility
(% Good)

Adequacy of
Gov. Drinking
Water Facility
(% Fair)

Adequacy of Gov.
Drinking Water
Facility (% Bad)

WR
Availability
(Falkenmark)

WS
Parameter
(SE)

12
23
25
23
13
19

65
54
50
47
71
57

23.50
23.20
24.80
30.10
16.10
24

0.24
0.24
0.24
0.24
0.24
0.24

61
54
48
53
62
56

Note:
Drinking water source data was obtained from 2010/2011 Nepal Living Standard
Statistical Report. Vol.2 (http://cbs.gov.np/nada/index.php/catalog/37) Table 18.3
Central Bureau of Statistics (Nepal), World Bank. Nepal Living Standards
Measurement Survey 2010-2011. Kathmandu, Nepal: Central Bureau of Statistics
(Nepal).
*** 2011 CBS Census
Contributors to scarcity = access and management and (quantity)
adequacy and source
(Water security - Drinking water security - )
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Data Sources
Data

Data Source

Rainfall Data

Central Bureau of Statistics for National
Stations (2001 -2012 for 40 station)

Census Data

Central Bureau of Statistics (CBS) (2011),
Nepal

Water Resource
Availability

World Development Report 2011

Land cover data

CBS (2013) Environmental Statistics
Report; Department of Forest (Information
System Development Project for the
Management of Tropical Forest; Activity
Report of Wide Area and Tropical Forest
Resource Survey, March, 2001).

Hydropower data

Ministry of Energy, Government of Nepal

Irrigation data

Central Bureau of Statistics: National
Sample Census of Nepal (2011/2012)

Economic data

UNDP and GoN: Human Development
Report (2014)

Department of Hydrology and Meterology,
River water quality data Environmental Staticstics Report of 2013
(CBS, A compendium , 1998) table 6.13.

Drinking water source
data

Central Bureau of Statistics (Nepal), World
Bank. Nepal Living Standards
Measurement Survey 2010-2011.
Kathmandu, Nepal: Central Bureau of
Statistics (Nepal).
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PERALTA CREEK ASSESSMET
Sediment Analysis Particle Distribution Sample Results
Sediment Analysis June 2015 Site Locations
Fluvial
Site
Sample Geomorphic
Latitude
Feature
thawed
PCS1
PCD1
35.6463950
/straight
PCS2
PCD2
confluence 35.6486320
PCS3
PCD3
thawed
35.6490100
PCS4
PCD4
cutback
35.6496520
PCS5
PCD5
point bar
35.6497270
PCS6
PCD6
sandbar
35.6499950
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Longitude
106.4043090
106.4062990
106.4071420
106.4079610
106.4081570
106.4086370

L. Jaramillo
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Raw Sediment Analysis Particle Distribution Sample Data and Results
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Peralta Canyon KKTR Bulk Density
1.200
0.981

Bulk Density,⍴d (g/cm3)

1.000
0.807
0.800

0.696

0.670

0.753
0.650

0.643

0.600

0.400

0.200

0.000
1

2

3

4

5

6

7

Soil Sample No./ Site

Peralta Canyon KKTR Bulk Density
1.200
0.981

Bulk Density,⍴d (g/cm3)

1.000
0.807
0.800

0.696

0.670

1

2

0.753
0.650

0.643

0.600

0.400

0.200

0.000
3

4

5

6

7

Soil Sample No./ Site
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Peralta Canyon KKTR Organic
Matter
3%

3%

3%
2%
2%

1%
1%

1%
1%

1%
1%
0%

0%
1

2

0%

3
4
5
Soil Sample No./ Site

6

7

Sediment Transport
Stream Power and Bed Shear Stress
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Theoretical Method (Shields)
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Soulsby Whitehouse Method

Sites
1
2
3
4
5
6
7
Reach
Average

Critical
Stokes
Sediment
Density of
Dimensionless
shear
Dimensionless
Settling
grain-size
sediment**,
critical shear
grain size, D*
Velocity
diameter**, d
stress !cr,
ρ s (g/cm3)
stress, θcr
v s , (m/s)
(mm)
(N/m2)
0.42
0.78
0.007
1.9
0.35
0.21
3.1
2.06
0.388
1.9
2.61
0.08
0.7
1.09
0.020
1.9
0.59
0.18
1.8
1.72
0.131
1.9
1.52
0.11
2.9
2.02
0.340
1.9
2.44
0.08
7
2.68
1.978
1.9
5.90
0.04
1.2
1.45
0.058
1.9
1.01
0.14
2.45

1.9

2.06

0.11851

1.69

0.42

Properties and Parameters *
Slope of
reach, S
Density of
water, ρ
Gravity, g
Specific
weight of
water, "
Kinematic
viscosity
of water, #
Dynamic
viscosity
of water, $

0.0205 ft/ft
1.96 slugs/ft3
32.174 ft/s/s

62.39 lbf/ft3

0.0205 m/m
0.99925 g/cm3
9.807 m/s/s

9799.5 N/m3

1.3085E-05 ft2/s

0.012161 cm2/s

2.5370E-05 lbf s/ft2

0.012155 N s/m2

* Values reflect the properties with respect to temperature and are
based on the average temperature of the samples taken (55 °F).
The slope of the reach was determined by using the elevations at
the furthest upstream and downstream data points.
** sediment parameters and sites were determined from soil
analysis performend in 2016 by the UNM Civil Engineering Dept.
The median grainsized was used or D50.Density of particles was
estimated to be less than sand (2.56g/cm3) do to the geology of the

148

L. Jaramillo

Manning’s Channel Roughness Summary
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Channel Roughness Coefficient
Method

n value

note

Bray(1979)

0.048

Gravel or cobble-bed channel

Strickler(1923)

0.034

Gravel or cobble-bed channel

Henderson (1966)

0.038

Gravel or cobble-bed channel

Chow (1959)

0.03

Channel Type: A.2.a. minimum

Cowan (1956)

0.036

Channel Conditions: Moderate
Irregularity, channel variations
alternating occasionally, negligible
obstruction, no channel vegetation,
appreciable meandering

Average

0.035

Excluding Bray(1979)

Riparian Roughness Coefficient
Bray(1979)

0.064

Gravel or cobble-bed channel

Strickler(1923)

0.044

Gravel or cobble-bed channel

Henderson (1966)

0.046

Gravel or cobble-bed channel

Chow (1959)

0.04

Channel Type: A.2.a. normal

Cowan (1956)

0.041

Channel Conditions: Moderate
Irregularity, channel variations
alternating occasionally, small
channel vegetation, appreciable
meandering

Average

0.043

Excluding Bray(1979)
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Hydrodynamic Modeling
A hydrologic model was developed utilizing HEC-RAS 5.0.3, an open-source twodimensional hydraulic modeling software developed by the US Army Corps of Engineering
(HEC-RAS 5.0.3, 2017). The model development was calibrated based on field work and
methods developed in literature. Since the reach is ungauged, peak discharge was estimated
and validated using infield observations, references to previous studies such as (“TAR Cochiti
Pueblo,” 2012) by the US Army Corps of Engineers, and regional data such as NOAA Atlas
14 (Bonnin et al., 2011).
Peralta Canyon
Peak Discharge Estimation
Peak discharge for the KKTR reach of the Peralta Canyon Watershed was estimated using a
method developed by the US Geological Survey (Waltemeyer, 2008). Regression equations
were developed for estimating the magnitude of peak discharges for recurrence intervals of 2,
5, 10, 25, 50, 100, and 500 years at ungauged sites by use of data collected through 2004 for
293 gaging stations on unregulated streams that have 10 or more years of record. Peak
discharges for selected recurrence intervals were determined at gaging stations by fitting
observed data to a log-Pearson Type III distribution with adjustments for a low-discharge
threshold and a zero-skew coefficient. A low-discharge threshold was applied to frequency
analysis of 140 of the 293 gaging stations. This application provides an improved fit of the logPearson Type III frequency distribution. Use of the low-discharge threshold generally
eliminated the peak discharge by having a recurrence interval of less than 1.4 years in the
probability-density function(Waltemeyer, 2008).
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Figure A. Flood region 5 and 6 delineation and location of KKTR site
(Waltemeyer, 2008)
The project site is located very close to the delineation between region 5 and region 6, shown
in yellow on Figure A. Peak discharge was calculated using the regression equations for both
regions using the basin specified characteristics including drainage area, average basin
elevation, and 24-hr 100yr rainfall intensity. The reach is located in the transition between the
Northern Mountain Region and the Central Mountain Valley Region. Based on the transition
and the results from this regression equations, the peak flowrates result from region 6 were
determined to be more suitable and were used for the hydrologic model.
Two-dimensional hydrodynamic model, River Analysis System (HEC-RAS 5.0.3) developed
by the Hydrologic Engineering Center, US Army Corps of Engineers was used for modeling
Peralta Canyon. Surface Water Modeling System (SMS) version 12.2 graphical user interface
(Aquaveo, LLC, Provo, UT) was used for the development of mesh. Quadrilateral mesh
elements were used to represent the stream whereas, triangular mesh elements were used to
represent floodplain of the channel. A Digital Elevation Model (DEM) was generated from the
Light Detection and Ranging (LiDAR) and was used to represent the geometry of channel
which was interpolated into mesh. The mesh developed by SMS was used in HEC-RAS to
compute water depth, velocity and shear stress across the channel. The steady state discharge
estimated as peak flow determined from USGS regression method and burn scenario cases,

152

L. Jaramillo

shown in Figure B., were utilized as upstream boundary condition. A total of 10 different flows
were modeled including 1cfs as the lowest flow and highest flow as 15,950 cfs. As a
downstream boundary condition, friction slope of channel was used. The constant hydraulic
roughness value (Manning’s roughness) 0.035 and 0.045 were assigned for mainstream and
floodplain, respectively.
Figure B. Peralta Canyon Watershed Model Flow Scenarios
Model Flow Scenarios
Recurrence Interval (years)

Peak Discharge, Q (cfs)
1
5
675
2,161
4,318
5,515

2
10
50
100
Burn Scenarios
2
10
25
100

2,180
8,130
11,760
15,950

Since the reach is ungauged, peak discharge was estimated and validated using infield
observations, references to previous studies and regional data such. A total of 10 different
flows were modeled including 1cfs (0.028 m3/s) as the lowest flow and highest flow as 15,950
cfs (452 m3/s). As a downstream boundary condition, friction slope of channel was used. The
constant hydraulic roughness value (Manning’s roughness) 0.035 and 0.045 were assigned for
mainstream and floodplain respectively. A sample result from the hydrologic model is
presented in Figure 1, which shows the maximum water depth (ft), velocity (ft/s) , and bed
shear stress (Pa).
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Water Depth,
velocity, and shear
stress distribution
for at 2-year recurrence (600ft/s or 17 m3/s)

SONOMA CREEK ASSESSMENT
Geospatial Data
Sonoma County Vegetation Mapping and LiDAR Consortium; WSI
The custom download may be cited as National Oceanic and Atmospheric Administration
(NOAA) Digital Coast Data Access Viewer. Custom processing of "Sonoma County, CA,
2013 Lidar". Charleston, SC: NOAA Office for Coastal Management. Accessed Jun 12, 2018
at https://coast.noaa.gov/dataviewer.
http://sonomavegmap.org/data-downloads/

Synthetic Hydrograph Development
Synthetic inflow hydrographs were developed using the Snyder Method, recurrence interval
flows from historical record (Nuns Fire Report Table 5), and watershed characteristics. In order
to extrapolate the flowrate and time for a specified timestep in the hydrodynamic model (HECRAS), the data was linearly interpolated (see Inflow sheet).
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Channel Roughness Coefficient
Method
Bray (1979)
Strickler (1923)
Henderson
(1966)
Chow (1959)

Cowan (1956)

Average
Bray (1979)
Strickler (1923)
Henderson
(1966)
Chow (1959)

n value
0.02190726
0.01637937

0.025 Channel Grain-size (mm)

note
Gravel or cobble-bed channel
Gravel or cobble-bed channel

D50
D75
D84

0.0125
0.02
0.025

Riparian Grain-size

0.016

Gravel or cobble-bed channel

0.03

Channel Type: A.2.a. minimum

D50

0.025

0.036

Channel Conditions: Moderate
Irregularity, channel variations
alternating occationally,
negligible obstruction, no
channel vegetation, appreciable
meandering

D75

0.04

D84

0.055

0.025
Excluding Bray(1979)
Riparian Roughness Coefficient
0.025
0.018

Gravel or cobble-bed channel
Gravel or cobble-bed channel

0.018

Gravel or cobble-bed channel

0.04

Channel Type: A.2.a. normal

Cowan (1956)

0.041

Channel Conditions: Moderate
Irregularity, channel variations
alternating occasionally, small
channel vegetation, appreciable
meandering

Average

0.029

Excluding Bray(1979)

0.03

* based on Nov. 2017
Nuns Fire Report - Soil

NUNS Fire
Report

Many different soil types have been identified within the Nuns Fire perimeter (Figure
5). The most common types include: Goulding (clay loam, cobbly clay loam, complex
with Toomes) (20.5%--weathered metavolcanics), rock land (9.9%), Forward gravelly
loam (9.3%--weathered rhyolite), Felton gravelly loam (5.1%--weathered sandstone and
shale), Laniger loam (4.8%-- weathered rhyolite), and Spreckles loam (5.4%-weathered metavolcanics). The distribution of mapped soil units generally corresponds
to their underlying geologic parent materials. The majority of soil types within the burn
area are derived from volcanic bedrock, with significant exceptions including the
Henneke and Montara soil series, which are derived from serpentinite bedrock (see
Section 2.6.2 for a discussion on the potential mineral hazards associated with
serpentinite). Based on our field observations and analysis of potential for erosion
hazard (Figures 15, 16, and 17), it appears that loam soils derived from sandstone,
shale and serpentinite located on slopes exceeding 50 percent are those most likely to
be susceptible to significantly increased rates of surface erosion due to the effects of
the wildfire. The majority of these soils are located in the north and northwestern portion
of the burn area. Additionally, debris flows associated with sandstone, shale and
serpentinite-derived soils found within the burn perimeter will likely result in higher rates
of sediment delivery to Laguna de Santa Rosa, Sonoma Creek, and Napa River
tributaries compared to those associated with volcanic-derived soils.

Loam is soil composed mostly of sand (particle size > 63 µm), silt (particle size > 2 µm), and a smaller amount of clay (particle size < 2 µm). By weight, its mineral compos
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Hydrodynamic Model Boundary Condition Parameters
BC Inflow: Flow Hydrograph
“Critical” BC, Max. Delta Flow: 500
Min Flow: 10
Multiplier: blank
EG Slope for distributing flow along BC Line: 0.0001
BC Outflow: Normal Depth
Friction Slope: 0.0001
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Computational Settings and Time Step
Note: HEC-RAS Modeling Users Manual Chapter 4 (pg. 4-5)
C
1
V
4 ft/s
delta_X 34 ft * min.spacing 11.36ft, max.spacing 55.42ft, and mean 34.48ft
delta_T 9 s * max computational timestep allowable
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Mesh Generation
The finalized mesh developed in SMS contains 109,538 cells with the smallest cell size of about 25 ft.
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Design Criteria Weighting AHP
The workbook consists of individual judgment sheets for pair-wise comparison, a sheet for
consolidation for all judgements, a summary sheet with the results, reference sheet (random
index, limits for geometric consistency index GCI, judgement scales), and a sheet for solving
the eigenvalue problem when using the eigenvector method (EVM). Pair-wise questionnaires
are used for each participant and priorities are calculated using the row geometric mean method
(RGMM). Two consistency indices, consistency ratio CR and geometric consistency index
GCI, are calculated. The level of allowable inconsistency, a, is a user specified input. If the
CR exceeds a, the top 3 inconsistent pair wise comparisons are highlighted to allow an
adjustment of judgements. The final priories are calculated using the eigenvector method
(EVM). The eigen value problem is solved with the power method algorithm (e.g. Larsen,
2013) is applied with a fixed number of 12 iterations.
AHP Comparison Table
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Detailed Design Decision Matrix
DESIGN ALTERNATIVES
Criteria

Cost

Construction
Time

Cultural
Acceptance/
Aesthetics

Labor Skill &
Equipment

Description of Criteria

Scale

Scale Range/ Description

Construction cost based on
engineering cost estimate including
local labor costs. Cost must below
budget. if cost estimate is over budget,
the alternative is eliminated. The
higher
the cost,tothe
lower the all
score.
Time required
accomplish
phases

1
2
3
4
5
1
2
3
4
5

$25,000 ≤ Cost ≤ $30,000
$20,000 ≤ Cost < $25,000
$15,000 ≤ Cost < $20,001
$10,000 ≤ Cost < $15,002
Cost < $10,000
12 - 16 weeks
10 - 12 weeks
8 - 10 weeks
4 - 8 weeks
< 4 weeks
Design is very likely to be rejected due to its
aesthetics and cultual considerations
Design is somewhat likely to be rejected due to its
aesthetics and cultual considerations
Design is very likely to be rejected due to its
aesthetics and cultual considerations
Construction required hiring skilled labor not
available locally
Extensive training of local labor required

of construction including deploying
design team to site. Project
construction phases cannot exceed 2
months (or 4 months for construction
of all phases).
If the
timeline is
Proposed
design
is expected
to greater
be
accepted by locals. Referencing the
design teams understanding of what is
culturally acceptable from the
background analysis and inquiry of
Nepali students and faculty.
Construction resources for this project
are limited. Skill required, and
necessary equipment must be minimal.
The less skilled labor required for the
construction of the building the better.

1
3
5
1
2
3
4
5

Operation &
Maintenance

Structural
Resilience

The operation & maintenance required
for the building once constructed
should be minimal.

The structures ability to mitigate
significant all-hazard risk, quickly
recover its purpose with minimal
damage to safety and health, and
structural robustness.

1
2
3
4
5
1

Weight

Adobe and
Bamboo

Steel, Concrete,
and Straw bale

Earthbag
Building

3%

3

3

3

2%

3

4

4

8%

3

4

4

3%

4

2

5

10%

3

3

3

40%

3

4

5

12%

4

3

5

21%

4

4

5

100%

3

4

5

Easy training of labor
Little or no training required/ Experienced labor
available loccaly
Maintainance required every month

Maintainance free
Major damage expected from natural hazard/
Requires material and labor not locally available

2
3

Some damage can be expected/ Damage easy to
repair

4

Material
Availability

Construction
Sustainability

Material resources and access are
limited for this project. Material source
location and ease of transport must be
considered the design alternative
selection.
Construction activities that encourage
harmonizing social, economic, and
environmental wellbeing during the
building’s lifecycle (i.e. preconstruction, construction, operation,
maintenance, renovation, and

5

Little or no damage expected from natural hazards

1
2
3

Not available locally/ Very difficult to transport
Not available locally/ Difficult to transport
Available locally/ Difficult to transport

4

Available locally/Somewhat difficult to transport

5

Available locally/Very Easy to transport

1

The design does not considers any sustainable
alternatives

3

Design considers at 1-2 sutainable alternatives

5

The design considers 3 sustainable alternatives
Total
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Final Design Redline Drawings Phase I
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Wall Design Calculations Phase I
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Women's Community Center- Phase II
Bahunipati, Sindhupalchowk, Nepal
Spring 2017

Women's Community Center
Phase II
G-101
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Design: LVJ
5/08/17
Version 1

Final Design Drawings Phase II
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ROOF TRUSS LAYOUT

C-1

1/2"
9'-1

2'

ROOF PANLING LAYOUT

C-2

Design: LVJ
5/08/17
Version 1

Women's Community Center
Phase II - Roof Plan
C-101

175

L. Jaramillo

1/8"

LOW END DETAIL

1'-4 1/2"

1'-6

Horizontal End Web

S-3

S-3

Top Chord

62

S-2

NOTE: All welds will be a minimum of 81
in (3 mm) x 1 in (25 mm) long fillet
welds. Each member-chord connection
will be welded in a minimum of two
places on two different edges.

25mm

1 in

WEB MEMBER DETAIL

10

in

3 mm

1
8

Bottom Chord

4:12

Vertical Web

Diagonal Web
e
Slop

3/4"

(88

A

cm)

S-1

B
B
E

E
D

S-1

C (Hole Diameter)

2' 9" (84 cm)

2' 10

HIGH END DETAIL

S-2

NOTE: Design Requires 12 Roof Joists. Design dimensions are
specified in both metric (SI) and in imperial (US) units. This is for
the manufacturer to fabricate based on available resources.
Manufacturer must specify measuring system used and remain Vertical End Web
consistent.

Design: LVJ
5/18/17
Version 4

Women's Community Center
Phase II - Roof Joist Detail
S-201
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2"

6

2'-2 1/4"

2'-0 1/4"

COMPRESSION RING PLAN VIEW

"

4
1/
R -1

2in. x 41 in. Plate
1 in. x 1 in. x 81 in.
Square Tubing

NOTE: Design dimensions are specified in both metric (SI) and in
imperial (US) units. This is for the manufacturer to fabricate based
on available resources. Manufacturer must specify measuring
system used and remain consistent.

6

"

4
3/

6 1/4"
1/4"

2 3/8"

D

CROSS SECTION DETAIL

A

B
B
E

E

R-1

C (Hole Diameter)

COMPRESSION RING PLAN VIEW DETAIL

1" x 1" RHS

2in. x 41 in. Plate

6 3/4"

Design: LVJ
5/18/17
Version 3

Women's Community Center
Phase II - Compression Ring
S-202
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Seismic Loading
Methods used were from the Residential Structural Design Guide (US Dept of
HUD 2000) which references ASCE 7-98.

Ss
Ss
Fa
Sds
V

300
0.31
1.4
0.29
6510

Gal( cm/s^2)
g (standard gravity)
( interpretation from look up table)
g
lbs

178

L. Jaramillo

Roof Design
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RISA 2D Structural Engineering Model Results
Horizontal Length: Total 35ft, Joist Length 16.5ft
Vertical Height: Roof Pitch (4:12) 5.5 ft,
Truss Depth 0.75ft (9 inch)
Hypotenuse Length: 17.4Ft
Design Load: 34 psf (160plf)
Self-Weight: 8.03 plf (2 x 3.19plf + 1.65plf)
6 panel Pratt Truss
Chord - 2 @ L2x2x1/4
Web - L2x2x1/4
Compression Ring Distributed Load .17k/ft
http://www.engineersedge.com/standard_material/Steel_angle_properties.htm
Weight of Truss
Type
lb/ft
Chord
3.19
Web
3.19
Truss/ft
9.57
Total
166
12 1987

L
L/180
L/360
L/240

360
2
1
1.5

Deformation Criteria
[in]
[in] Total Load Allowable Deformation
[in] Live Load Allowable Deformation
[in] Total Load Allowable Deformation

Shear (kips)

Moment (kip-ft)
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Member
M2
M6
M24
M25
M21
M22
M23
M24A
M25A
M26
M27
M28
M29
M30
M32
M33
M34
M23B
M24B
M25B
M26A
M27A
M28B
M29A
M29B
M30B
M33A
M34A
M36
M37
M38
M39
M40
M42
M43
M44
M45
M46
M47
M48
M49
M50
M43A

I Joint
N2
N6
N7
N3
N2
N37
N38
N39
N40
N41
N42
N43
N44
N45
N3
N47
N48
N49
N22
N23
N24
N25
N26
N27
N1
N46
N40
N38
N45
N43
N41
N39
N37
N27
N25
N23
N49
N47
N3
N48
N26
N28
N27A

J Joint
N3
N7
N2
N6
N37
N38
N39
N40
N41
N42
N43
N44
N45
N46
N47
N48
N49
N22
N23
N24
N25
N26
N27
N28
N46
N44
N38
N2
N43
N41
N39
N37
N7
N25
N23
N49
N47
N6
N48
N22
N28
N4
N45

Area
0.938
0.938
0.938
0.938
0.688
0.688
0.688
0.688
0.688
0.688
0.688
0.688
0.688
0.688
0.688
0.688
0.688
0.688
0.688
0.688
0.688
0.688
0.688
0.688
0.938
0.938
0.938
0.938
0.938
0.938
0.938
0.938
0.938
0.938
0.938
0.938
0.938
0.938
0.938
0.938
0.938
0.938
0.938

Inertia
0.348
0.348
0.348
0.348
0.288
0.288
0.288
0.288
0.288
0.288
0.288
0.288
0.288
0.288
0.288
0.288
0.288
0.288
0.288
0.288
0.288
0.288
0.288
0.288
0.348
0.348
0.348
0.348
0.348
0.348
0.348
0.348
0.348
0.348
0.348
0.348
0.348
0.348
0.348
0.348
0.348
0.348
0.348

E
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
29000
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M44B
M45A
M46A
M47A
M48A

N27
N44
N42
N22
N24

N28A
N42
N40
N24
N26

0.938
0.938
0.938
0.938
0.938

0.348
0.348
0.348
0.348
0.348

29000
29000
29000
29000
29000

Joint Deflection
Node

x [in]

y[in]

Rotation [rad]

N1

0.097

-0.24

9.80E-03

N2

0

-0.042

9.34E-04

N3

0

-0.038

-7.00E-04

N4

-0.128

-0.364

-1.33E-02

N6

0

-0.037

-2.56E-04

N7

0.003

-0.042

4.87E-04

N37

0.032

-0.105

1.05E-03

N38

0.028

-0.105

7.85E-04

N39

0.038

-0.127

7.02E-05

N40

0.039

-0.127

7.53E-05

N41

0.036

-0.122

-8.03E-04

N42

0.044

-0.122

-9.00E-04

N43

0.018

-0.073

-1.73E-03

N44

0.031

-0.073

-1.94E-03

N45

0

0

0.00E+00

N46

0.009

0

-2.82E-04

N47

-0.027

-0.093

-8.91E-04

N48

-0.024

-0.094

-6.27E-04

N49

-0.033

-0.111

-3.98E-05

N22

-0.034

-0.111

-3.58E-05

N23

-0.032

-0.109

7.29E-04

N24

-0.04

-0.109

7.87E-04

N25

-0.013

-0.054

1.55E-03

N26

-0.025

-0.053

1.85E-03

N27

0

0

0.00E+00

N28

-0.007

0

-4.85E-04

N27A

0

0

0

N28A

0

0

0.00E+00
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Member
M2

M6

M24

M25

M21

M22

M23

M27A

M28B

M29A

M29B

M30B

M33A

M34A

M43A

M48A

Member Deflection
Section
x [in]
y[in]
Member
1
0
-0.042 M24A
2
0
-0.038
3
0
-0.036
4
0
-0.036
5
0
-0.038
1
0
0.037 M25A
2
0
0.037
3
-0.001
0.037
4
-0.002
0.039
5
-0.003
0.042
1
-0.042
-0.003 M26
2
-0.042
-0.002
3
-0.042
-0.002
4
-0.042
-0.002
5
-0.042
0
1
0.038
0 M27
2
0.038
0
3
0.038
0
4
0.038
0
5
0.037
0
1
0.023
0.036 M28
2
0.024
0.05
3
0.026
0.07
4
0.028
0.09
5
0.029
0.105
1
-0.105
-0.032 M29
2
-0.105
-0.03
3
-0.105
-0.029
4
-0.105
-0.029
5
-0.105
-0.028
1
0.026
0.105 M30
2
0.026
0.113
3
0.027
0.121
4
0.027
0.127
5
0.027
0.13
1
-0.054
0.013 M36
2
-0.054
0.016
3
-0.054
0.019
4
-0.054
0.021
5
-0.053
0.025
1
0.006
-0.058 M37
2
0.005
-0.04
3
0.003
-0.021
4
0.002
-0.006
5
0
0
1
0
0 M38
2
0
0.001
3
0
0.004
4
0
0.007
5
0
0.007
1
0.009
-0.259 M39
2
0.009
-0.173
3
0.009
-0.093
4
0.009
-0.029
5
0.009
-0.003
1
0.009
-0.003 M40
2
0.009
-0.016
3
0.01
-0.039
4
0.01
-0.061
5
0.011
-0.079
1
0.005
-0.133 M42
2
0.003
-0.133
3
0.002
-0.129
4
0
-0.119
5
0
-0.109
1
-0.01
-0.108 M43
2
-0.011
-0.098
3
-0.012
-0.08
4
-0.013
-0.057
5
-0.014
-0.04
1
0
0 M44B
2
0
0
3
0
0
4
0
0
5
0
0
1
-0.003
-0.116 M47A
2
-0.004
-0.111
3
-0.005
-0.1
4
-0.006
-0.08
5
-0.006
-0.058

Member Deflection
Section
x [in]
y[in]
1
-0.127
2
-0.127
3
-0.127
4
-0.127
5
-0.127
1
0.035
2
0.035
3
0.035
4
0.035
5
0.035
1
-0.122
2
-0.122
3
-0.122
4
-0.122
5
-0.122
1
0.028
2
0.027
3
0.026
4
0.025
5
0.024
1
-0.073
2
-0.073
3
-0.073
4
-0.073
5
-0.073
1
0.008
2
0.006
3
0.004
4
0.002
5
0
1
0
2
0
3
0
4
0
5
0
1
0
2
0
3
-0.001
4
-0.002
5
-0.002
1
-0.008
2
-0.008
3
-0.008
4
-0.008
5
-0.008
1
-0.008
2
-0.008
3
-0.008
4
-0.007
5
-0.007
1
0.004
2
0.003
3
0.003
4
0.003
5
0.003
1
-0.006
2
-0.007
3
-0.009
4
-0.01
5
-0.011
1
0
2
0
3
-0.001
4
-0.002
5
-0.003
1
-0.005
2
-0.004
3
-0.004
4
-0.004
5
-0.004
1
0
2
0
3
0
4
0
5
0
1
0.01
2
0.008
3
0.007
4
0.005
5
0.004
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-0.038 M32
-0.039
-0.039
-0.039
-0.039
0.129 M33
0.129
0.129
0.127
0.122
-0.036 M34
-0.038
-0.04
-0.042
-0.044
0.126 M23B
0.116
0.103
0.088
0.072
-0.018 M24B
-0.021
-0.024
-0.027
-0.031
0.079 M25B
0.057
0.03
0.009
0
0 M26A
-0.001
-0.004
-0.008
-0.009
0 M44
-0.009
-0.03
-0.055
-0.076
-0.075 M45
-0.09
-0.105
-0.117
-0.127
-0.127 M46
-0.132
-0.133
-0.133
-0.133
-0.133 M47
-0.13
-0.125
-0.118
-0.109
-0.109 M48
-0.094
-0.072
-0.052
-0.04
0 M49
0.006
0.021
0.04
0.055
0.055 M50
0.071
0.088
0.104
0.114
0 M45A
0
0
0
0
-0.116 M46A
-0.12
-0.123
-0.122
-0.116

Member Deflection
Section
x [in]
y[in]
1
0.021
-0.032
2
0.022
-0.044
3
0.024
-0.062
4
0.026
-0.08
5
0.027
-0.093
1
-0.093
0.027
2
-0.093
0.026
3
-0.093
0.025
4
-0.093
0.025
5
-0.094
0.024
1
0.024
-0.094
2
0.024
-0.1
3
0.024
-0.106
4
0.024
-0.111
5
0.024
-0.113
1
-0.111
0.033
2
-0.111
0.033
3
-0.111
0.034
4
-0.111
0.034
5
-0.111
0.034
1
0.036
-0.111
2
0.036
-0.112
3
0.036
-0.113
4
0.036
-0.112
5
0.036
-0.108
1
-0.109
0.032
2
-0.109
0.034
3
-0.109
0.036
4
-0.109
0.038
5
-0.109
0.04
1
0.021
-0.115
2
0.02
-0.103
3
0.018
-0.088
4
0.017
-0.07
5
0.016
-0.053
1
-0.011
0.114
2
-0.011
0.117
3
-0.011
0.118
4
-0.011
0.116
5
-0.011
0.115
1
0.002
0.116
2
0.002
0.114
3
0.002
0.11
4
0.002
0.104
5
0.002
0.097
1
-0.006
0.097
2
-0.008
0.083
3
-0.009
0.063
4
-0.011
0.045
5
-0.012
0.036
1
0.013
-0.036
2
0.012
-0.051
3
0.011
-0.072
4
0.01
-0.088
5
0.009
-0.096
1
0.001
-0.097
2
0
-0.106
3
-0.001
-0.114
4
-0.002
-0.117
5
-0.004
-0.116
1
-0.008
-0.058
2
-0.008
-0.043
3
-0.007
-0.025
4
-0.007
-0.008
5
-0.007
-0.002
1
-0.007
-0.002
2
-0.007
-0.046
3
-0.007
-0.141
4
-0.007
-0.26
5
-0.007
-0.386
1
0.004
-0.079
2
0.003
-0.098
3
0.002
-0.115
4
0
-0.123
5
0
-0.129
1
0
-0.129
2
-0.002
-0.138
3
-0.003
-0.141
4
-0.005
-0.137
5
-0.006
-0.133
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Bolt Selection
Bolt Single Shear Stress
M10x50
Bolt Specified
Number of Bolts
3
Applied Force (lbs)
800
Bolt Diameter (in)
0.375
Bolt Crossectional Area (sq. in)
0.110446617
Plate Thickness
0.25
Bolt Ultimate stress (lbs./sq. in)
60000 **
Factor of Safety
3
Allowable stress (psi)
20000
Shear Stress Ave. (psi)
7243
Bearing Area Stress (psi)
8533
Shear Stress Ave./Bolt (psi)
2414
* bolt selected to the minimum ultimate strength capacity

Head
zinc plated hex bolt (US)
zinc plated hex bolt (metric)
zinc plated hex bolt (metric)
zinc plated hex bolt (metric)
Wall Connection Fastener

200

Bolt Hole Pattern (US)
1 in
2 in
1/2 in
8 in
2 1/8 in
3/8 inch x 2 inch Fully Threaded Hex Bolt
3/8 in Hex Nut
Bolt Hole Pattern (SI)
28 mm
50 mm
12mm
229mm
54 mm
M10x50mm Fully Threaded Hex Bolt
10mm Hex Nut

A
B
C
D
E
Bolt Size
Nut Size
threaded length
1
25
fully threaded ASTM563- Grade A Heavy Hex
fully threaded ASTM563- Grade A Heavy Hex

0.75
18
16
0.5

thickness length
0.5
2
12
50
10
50
0.375
2

0.75
18

thickness length
threaded length
0.5
2
1 ASTM563- Grade A Heavy Hex
12
50
25 ASTM563- Grade A Heavy Hex

Head
zinc plated hex lag bolt (US)
zinc plated hex lag bolt (metric)

A
B
C
D
E
Bolt Size
Nut Size
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Roof Material Quantities and Deformation Criteria
Roof Information
Radius
Flat Radius
Dodecagon
Vent Radius
Area
Area
Contingency

17.4
16.5
12
1
910.5
84.6
20

Reference
http://www.kohinoorply.com.np/productrang
Nepal Building Code
http://mistupid.com/homeimpr/lumber.htm
http://www.housingnepal.com/articles/displa

ft
ft
ft
sq. ft
sq. m
%

Corregated Sheet Metal 244x122x12
Area per
Plywood Qty
30
Plywood Cost

cm x cm x mm
2.9768 sq. m
unit
637.35 USD

8ft x 4 ft

Plywood Size
Area per
Plywood Qty
Plywood Cost

cm x cm x mm
2.9768 sq. m
unit
637.35 USD

8ft x 4 ft

244x122x12
36

Nominal Dimensions
Actual Dimensions
Inner Lumber Purlins
1 in. x 4 in. x 14 ft
3/4 in. x 3 - 1/2 in.
Total Linear Feet
273.6 ft
Reference
http://www.kohinoorply.com.np/productrange
Lumber Qty
24

Material Type
Plywood
Inner Lumber Purlins
Outter Lumber Purlins
Material Type
Plywood
Inner Lumber Purlins
Outter Lumber Purlins

Nepal Building Code
http://mistupid.com/homeimpr/lumber.htm
Outter Lumber Purlins 2 in. x 6 in. x 14 ft
1 - 1/2 in x 5 -1/2 in.
http://www.housingnepal.com/articles/display/prices-of-ply-woodper-q-ft-and-wood-species-per-cubic-feet
ft
m

x cm x mm
m

8ft x 4 ft

Total Linear Feet
Lumber Qty

132

ft

Chord Lumber Purlin
Total Linear Feet
Lumber Qty

1 in. x 2 in. x 14
212

Woo
1
0
0

L
L/180
L/360
L/240

12
3/4 in. x 1 - 1/2 in.
ft
19

D
x cm x mm
m

8ft x 4 ft

D

ual Dimensions
in. x 3 - 1/2 in.

Material Type
Plywood
Inner Lumber Purlins
Outter Lumber Purlins
Material Type
Plywood
Inner Lumber Purlins
Outter Lumber Purlins

1/2 in x 5 -1/2 in.
L
L/180
L/360
L/240

in. x 1 - 1/2 in.

n

17.4
16.5
12
1
910.5
84.6
20

Lumber Schedule (US)
Nominal Size
Actual Size
8x4x7/16
8x4x7/16
1 x 4 x 14
0.75 x 3.5 x 14
2 x 6 x 14
1.5 x 5.5 x 14
Lumber Schedule (SI)
Nominal Size
Actual Size
244x122x12
19 x 89 x 4.27
38 x 140 x 4.27

Units
ft x ft x in
in x in x ft
in x in x ft

Qty.

Units
cm x cm x mm
mm x mm x m
mm x mm x m

Qty.

36
24
14

36
24
14

Wood Deformation Criteria
120 [in]
0.67 [in] Total Load Allowable Deformation
0.33 [in] Live Load Allowable Deformation
0.5 [in] Total Load Allowable Deformation

Reference
http://www.kohinoorply.com.np/productrange
Nepal Building Code
http://mistupid.com/homeimpr/lumber.htm
http://www.housingnepal.com/articles/display/prices-of-ply-woodper-q-ft-and-wood-species-per-cubic-feet

ft
ft
ft
sq. ft
sq. m
%

cm x cm x mm
.9768 sq. m
unit
37.35 USD

8ft x 4 ft

cm x cm x mm
.9768 sq. m

8ft x 4 ft
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Material Type
Plywood

Lumber Schedule (US)
Nominal Size
Actual Size
8x4x7/16
8x4x7/16

Units
ft x ft x in

L. Jaramillo

Qty.
36

Lum
Nominal Size
8x4x7/16
1 x 4 x 14
2 x 6 x 14
Lu
Nominal Size
-

All-Hands Workshop Presentation
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Translated All-Hands Workshop Notes and Translation
Translated by Abinash Upreti
Workshop Questions Addressed in Notes
What is a resilience community?
How should the building be maintained?
What should the building be used for?
How should it be managed?
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1. This house can be used in meeting, for different trainings and for fun activities.
2. Can be used for women empowerment.
3. If there is drinking water source and light in the house perimeter then it will look nicer.
4. We are planning to make this house look better soon.
5. Can be used for different business training.

1. Management of public ambulance
2. Tap water management.
3. Provide free medical treatment.
4. Provide medical stretcher for community.
5. While giving training free food and allowance should be provided.
6. Mange fund for the travel from the organization.
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1. Group of women can sit together and talk about the betterment of the future of society.
2. Spaces to train students and other groups by Dhulikhel.
3. Safe place for shelter during emergencies.
4. Since this building is in the shape of temple it gives peace of mind to people.
5. Not only micro-finance Dhulikhel organization but also other women’s groups and
men’s group meeting can be done.
6. When people come to hospital this place can be used as a waiting room

1.

To be made decision, work must be done by Dhulikhel hospital.

2. Under a micro-finance program, women decided to contribute by providing safety
with little contribution of 25 rupees every month.
3. When there are minor or major damages in the building, we hope Dhulikhel and
UNM4NEPAL will help us cover those expenses.

First, I would to like to thank UNM4NEPAL for coming from America to built
women community center at Bahunipati. From my heart, I like to thank Students,
teachers and UNM4NEPAL members who came and worked despite the Heat, rain…
etc. they worked and completed the task. We have many others place which need
attention we really hope you guys coming back for the betterment of different places.
Light bulb and public toilet are needed in the building when there is meeting. Garden
making, cleaning the perimeter and other maintenance, management should be done
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1. What can we use house for?
•

For Meeting/ Training regarding women health.

•

Give a place to seat when hospital gets crowdy.

•

Can be used for ritual ceremonies like Marriage, Bratabandha ( thread
ceremony)

•

We can rest.

•

Shades from sun.

•

We can stay during raining time.

•

If any house been damaged by earthquake, this house can be use as temporary
shelter.

Advantage
2. How should it be managed and maintained?
•

Management committee should be formed.

•

Any technical support if needed Dhulikhel hospital will help.

•

Decision to be made among committee about the cleanliness of building.

•

And after decision are made, task also be assigned to the team members at the
same point.
209

L. Jaramillo

REFERENCES
Chapter 1
Adger, W. N. (2000). Social and ecological resilience: Are they related? Progress in Human
Geography, 24(3), 347–364. https://doi.org/10.1191/030913200701540465
Adger, W. N. (2006). Vulnerability. Resilience, Vulnerability, and Adaptation: A CrossCutting Theme of the International Human Dimensions Programme on Global
Environmental Change, 16(3), 268–281.
https://doi.org/10.1016/j.gloenvcha.2006.02.006
Allen, C. R., Angeler, D. G., Garmestani, A. S., Gunderson, L. H., & Holling, C. S. (2014).
Panarchy: Theory and Application. Ecosystems, 17(4), 578–589.
https://doi.org/10.1007/s10021-013-9744-2
Ames, D. P., Neilson, B. T., Stevens, D. K., & Lall, U. (2005). Using Bayesian networks to
model watershed management decisions: An East Canyon Creek case study. Journal
of Hydroinformatics, 7(4), 267.
Anderson, E. P., Pringle, C. M., & Freeman, M. C. (2008). Quantifying the extent of river
fragmentation by hydropower dams in the Sarapiquí River Basin, Costa Rica. Aquatic
Conservation: Marine and Freshwater Ecosystems, 18(4), 408–417.
https://doi.org/10.1002/aqc.882
Ayyub, B. M. (2015). Practical Resilience Metrics for Planning, Design, and Decision
Making. ASCE-ASME Journal of Risk and Uncertainty in Engineering Systems, Part
A: Civil Engineering, 1(3), 04015008. https://doi.org/10.1061/AJRUA6.0000826
Babel, M. S., Pandey, V. P., Rivas, A. A., & Wahid, S. Md. (2011). Indicator-Based
Approach for Assessing the Vulnerability of Freshwater Resources in the Bagmati
River Basin, Nepal. Environmental Management, 48(5), 1044.
https://doi.org/10.1007/s00267-011-9744-y
Berkes, F., & Ross, H. (2013). Community Resilience: Toward an Integrated Approach.
Society & Natural Resources, 26(1), 5–20.
https://doi.org/10.1080/08941920.2012.736605
Brauman, K. A., Daily, G. C., Duarte, T. K., & Mooney, H. A. (2007). The Nature and Value
of Ecosystem Services: An Overview Highlighting Hydrologic Services. Annual

210

L. Jaramillo

Review of Environment and Resources, 32(1), 67–98.
https://doi.org/10.1146/annurev.energy.32.031306.102758
Cannon, S. H., & Gartner, J. E. (2005). Wildfire-related debris flow from a hazards
perspective. In Debris-flow Hazards and Related Phenomena (pp. 363–385).
https://doi.org/10.1007/3-540-27129-5_15
Chambers, R. (1989). Editorial Introduction: Vulnerability, Coping and Policy. IDS Bulletin,
20(2), 1–7. https://doi.org/10.1111/j.1759-5436.1989.mp20002001.x
Chang, S. E., & Shinozuka, M. (2004). Measuring Improvements in the Disaster Resilience
of Communities. Earthquake Spectra, 20(3), 739–755.
https://doi.org/10.1193/1.1775796
Cutter, S. L., Barnes, L., Berry, M., Burton, C., Evans, E., Tate, E., & Webb, J. (2008). A
place-based model for understanding community resilience to natural disasters. Local
Evidence on Vulnerabilities and Adaptations to Global Environmental Change, 18(4),
598–606. https://doi.org/10.1016/j.gloenvcha.2008.07.013
Faulkner, L., Brown, K., & Quinn, T. (2018). Analyzing community resilience as an
emergent property of dynamic social-ecological systems. Ecology and Society, 23(1),
art24. https://doi.org/10.5751/ES-09784-230124
Fiksel, J. (2006). Sustainability and resilience: Toward a systems approach. Sustainability:
Science, Practice and Policy, 2(2), 14–21.
https://doi.org/10.1080/15487733.2006.11907980
Folke, C. (2006). Resilience: The emergence of a perspective for social–ecological systems
analyses. Global Environmental Change, 16(3), 253–267.
https://doi.org/10.1016/j.gloenvcha.2006.04.002
Gallopín, G. C. (2006). Linkages between vulnerability, resilience, and adaptive capacity.
Global Environmental Change, 16(3), 293–303.
https://doi.org/10.1016/j.gloenvcha.2006.02.004
Gallopin, G. C., Funtowicz, S., O’Connor, M., & Ravetz, J. (2001). Science for the TwentyFirst Century: From Social Contract to the Scientific Core. International Social
Science Journal, 53(168), 219–229. https://doi.org/10.1111/1468-2451.00311
Grill, G., Ouellet Dallaire, C., Fluet Chouinard, E., Sindorf, N., & Lehner, B. (2014).
Development of new indicators to evaluate river fragmentation and flow regulation at

211

L. Jaramillo

large scales: A case study for the Mekong River Basin. Ecological Indicators, 45,
148–159. https://doi.org/10.1016/j.ecolind.2014.03.026
Gunderson, L. H., & Holling, C. S. (Eds.). (2002). Panarchy: Understanding transformations
in human and natural systems. Washington, DC: Island Press.
Holling, C. S. (1973). Resilience and stability of ecological systems. Annual Review of
Ecology and Systematics, 4(1), 1–23.
Hollnagel, E., Woods, D. D., & Leveson, N. (2006). Resilience Engineering: Concepts and
Precepts. Retrieved from
http://public.eblib.com/choice/publicfullrecord.aspx?p=429564
Hosseini, S., & Barker, K. (2016). Modeling infrastructure resilience using Bayesian
networks: A case study of inland waterway ports. Computers & Industrial
Engineering, 93, 252–266. https://doi.org/10.1016/j.cie.2016.01.007
Huang, Y., & Cai, M. (2009). METHODOLOGIES GUIDELINES Vulnerability Assessment
of Freshwater Resources to Environmental Change. Retrieved from
https://wedocs.unep.org/bitstream/handle/20.500.11822/11314/waterFinal%20Methodology_report02.pdf?sequence=1&isAllowed=y
Lawler, S. (2017, July). Challenges and Opportunities for Adapting Science and Technology
in Resilience Engineering Applications. Presentation presented at the e Next Step to
Resilience- Projects Hampton Roads Sea Level Rise/Flooding and Ideas, Virginia
Beach, Virginia. Retrieved from
https://digitalcommons.odu.edu/cgi/viewcontent.cgi?article=1006&context=hraforum
_17
Longstaff, P. H., Armstrong, N. J., Perrin, K., Parker, W. M., & Hidek, M. A. (2010).
Building resilient communities: A preliminary framework for assessment. Homeland
Security Affairs, 6(3).
Marcot, B. G., Steventon, J. D., Sutherland, G. D., & McCann, R. K. (2006). Guidelines for
developing and updating Bayesian belief networks applied to ecological modeling
and conservation. Canadian Journal of Forest Research, 36(12), 3063–3074.
https://doi.org/10.1139/x06-135

212

L. Jaramillo

Morrison, R. R., & Stone, M. C. (2014). Spatially implemented Bayesian network model to
assess environmental impacts of water management. Water Resources Research,
50(10), 8107–8124. https://doi.org/10.1002/2014WR015600
Nilsson, C. (2005). Fragmentation and Flow Regulation of the World’s Large River Systems.
Science, 308(5720), 405–408. https://doi.org/10.1126/science.1107887
Norris, F. H., Stevens, S. P., Pfefferbaum, B., Wyche, K. F., & Pfefferbaum, R. L. (2008).
Community Resilience as a Metaphor, Theory, Set of Capacities, and Strategy for
Disaster Readiness. American Journal of Community Psychology, 41(1–2), 127–150.
https://doi.org/10.1007/s10464-007-9156-6
Pandey, V. P., Babel, M. S., Shrestha, S., & Kazama, F. (2010). Vulnerability of freshwater
resources in large and medium Nepalese river basins to environmental change. Water
Science & Technology, 61(6), 1525. https://doi.org/10.2166/wst.2010.751
Pandey, V. P., Babel, M. S., Shrestha, S., & Kazama, F. (2011). A framework to assess
adaptive capacity of the water resources system in Nepalese river basins. Ecological
Indicators, 11(2), 480–488. https://doi.org/10.1016/j.ecolind.2010.07.003
Patriarca, R., Bergström, J., Di Gravio, G., & Costantino, F. (2018). Resilience engineering:
Current status of the research and future challenges. Safety Science, 102, 79–100.
https://doi.org/10.1016/j.ssci.2017.10.005
Saaty, T. L. (2004). Decision making—The Analytic Hierarchy and Network Processes
(AHP/ANP). Journal of Systems Science and Systems Engineering, 13(1), 1–35.
https://doi.org/10.1007/s11518-006-0151-5
Sharma, R. H., & Awal, R. (2013). Hydropower development in Nepal. Renewable and
Sustainable Energy Reviews, 21, 684–693. https://doi.org/10.1016/j.rser.2013.01.013
Sharma, R. H., & Shakya, N. M. (2006). Hydrological changes and its impact on water
resources of Bagmati watershed, Nepal. Journal of Hydrology, 327(3–4), 315–322.
https://doi.org/10.1016/j.jhydrol.2005.11.051
Sivapalan, M., Konar, M., Srinivasan, V., Chhatre, A., Wutich, A., Scott, C. A., …
Rodríguez-Iturbe, I. (2014). Socio-hydrology: Use-inspired water sustainability
science for the Anthropocene: COMMENTARY. Earth’s Future, 2(4), 225–230.
https://doi.org/10.1002/2013EF000164

213

L. Jaramillo

Theobald, D. M., & Romme, W. H. (2007). Expansion of the US wildland–urban interface.
Landscape and Urban Planning, 83(4), 340–354.
https://doi.org/10.1016/j.landurbplan.2007.06.002
Uusitalo, L. (2007). Advantages and challenges of Bayesian networks in environmental
modelling. Ecological Modelling, 203(3–4), 312–318.
https://doi.org/10.1016/j.ecolmodel.2006.11.033
Vörösmarty, C. J., McIntyre, P. B., Gessner, M. O., Dudgeon, D., Prusevich, A., Green, P.,
… Davies, P. M. (2010). Global threats to human water security and river
biodiversity. Nature, 467(7315), 555–561. https://doi.org/10.1038/nature09440
Walker, B., Holling, C. S., Carpenter, S., & Kinzig, A. (2004). Resilience, adaptability and
transformability in social–ecological systems. Ecology and Society, 9(2).
Walker, B., & Salt, D. (2012). Resilience practice: Building capacity to absorb disturbance
and maintain function. Island Press.
Wang, C., & Blackmore, J. M. (2009). Resilience Concepts for Water Resource Systems.
Journal of Water Resources Planning and Management, 135(6), 528–536.
https://doi.org/10.1061/(ASCE)0733-9496(2009)135:6(528)
Weisstein, E. (2018). Complement. Retrieved from
http://mathworld.wolfram.com/Complement.html
Wilson, G. (2011). Community Resilience and Environmental Transitions.
https://doi.org/10.4324/9780203144916
Woods, D., & Branlat, M. (2006). Essential characteristics of resilience. In Resilience
Engineering: (pp. 21–34). Ashgate Pub.
Yodo, N., & Wang, P. (2016). Resilience Modeling and Quantification for Engineered
Systems Using Bayesian Networks. Journal of Mechanical Design, 138(3), 031404.
https://doi.org/10.1115/1.4032399
Chapter 2
Adger, W. N. (2006). Vulnerability. Resilience, Vulnerability, and Adaptation: A CrossCutting Theme of the International Human Dimensions Programme on Global
Environmental Change, 16(3), 268–281.
https://doi.org/10.1016/j.gloenvcha.2006.02.006

214

L. Jaramillo

Alessa, L., Kliskey, A., Lammers, R., Arp, C., White, D., Hinzman, L., & Busey, R. (2008).
The Arctic Water Resource Vulnerability Index: An Integrated Assessment Tool for
Community Resilience and Vulnerability with Respect to Freshwater. Environmental
Management, 42(3), 523–541. https://doi.org/10.1007/s00267-008-9152-0
Allen, C. R., Angeler, D. G., Garmestani, A. S., Gunderson, L. H., & Holling, C. S. (2014).
Panarchy: Theory and Application. Ecosystems, 17(4), 578–589.
https://doi.org/10.1007/s10021-013-9744-2
Babel, M. S., Pandey, V. P., Rivas, A. A., & Wahid, S. Md. (2011). Indicator-Based
Approach for Assessing the Vulnerability of Freshwater Resources in the Bagmati
River Basin, Nepal. Environmental Management, 48(5), 1044.
https://doi.org/10.1007/s00267-011-9744-y
Benson, M. H., & Craig, R. K. (2017). Regime Change for New Mexico Watersheds. In
Environment and Society. The end of sustainability: Resilience and the future of
environmental governance in the anthropocene. Lawrence, Kansas: University Press
of Kansas.
Benson, M. H., & Garmestani, A. S. (2011). Can We Manage for Resilience? The Integration
of Resilience Thinking into Natural Resource Management in the United States
(SSRN Scholarly Paper No. ID 1858934). Retrieved from Social Science Research
Network website: http://papers.ssrn.com/abstract=1858934
Berkes, F., Folke, C., & Colding, J. (Eds.). (1998). Linking social and ecological systems:
Management practices and social mechanisms for building resilience. Cambridge,
U.K. ; New York, NY, USA: Cambridge University Press.
Brauman, K. A., Daily, G. C., Duarte, T. K., & Mooney, H. A. (2007). The Nature and Value
of Ecosystem Services: An Overview Highlighting Hydrologic Services. Annual
Review of Environment and Resources, 32(1), 67–98.
https://doi.org/10.1146/annurev.energy.32.031306.102758
Certini, G. (2005). Effects of fire on properties of forest soils: A review. Oecologia, 143(1),
1–10. https://doi.org/10.1007/s00442-004-1788-8
Chambers, R. (1989). Editorial Introduction: Vulnerability, Coping and Policy. IDS Bulletin,
20(2), 1–7. https://doi.org/10.1111/j.1759-5436.1989.mp20002001.x

215

L. Jaramillo

Chang, S. E., & Shinozuka, M. (2004). Measuring Improvements in the Disaster Resilience
of Communities. Earthquake Spectra, 20(3), 739–755.
https://doi.org/10.1193/1.1775796
Cosens, B., & Gunderson, L. (2018). Practical Panarchy for Adaptive Water Governance:
Linking Law to Social-Ecological Resilience. Retrieved from
https://doi.org/10.1007/978-3-319-72472-0
Davis, T. (2019, August 18). Rancher focuses on keeping his land healthy. Albuquerque
Journal. Retrieved from https://www.abqjournal.com/1355178/rancher-focuses-onkeeping-his-land-healthy.html
Folke, C., & Berkes, F. (2000). Linking social and ecological systems for resilience and
sustainability. In Linking social and ecological systems: Management practices and
social mechanisms for building resilience. (p. 12). Retrieved from
http://libproxy.unm.edu/login?url=https://search.ebscohost.com/login.aspx?direct=tru
e&db=cat05987a&AN=unm.44446432&site=eds-live&scope=site
Fontaine, M. M., & Steinemann, A. C. (2009). Assessing Vulnerability to Natural Hazards:
Impact-Based Method and Application to Drought in Washington State. ASCE:
Natural Hazard Review, 10(1), 11–18. https://doi.org/10.1061/ (ASCE)1527-6988
2009 10:1(11)
Gallopín, G. C. (2006). Linkages between vulnerability, resilience, and adaptive capacity.
Global Environmental Change, 16(3), 293–303.
https://doi.org/10.1016/j.gloenvcha.2006.02.004
Grennel. (2018, July 16). Why 96 million plastic ‘shade balls’ dumped into the LA Reservoir
may not save water. PBS News Hour. Retrieved from
https://www.pbs.org/newshour/science/why-96-million-plastic-shade-balls-dumpedinto-the-la-reservoir-may-not-save-water
Gunderson, L. H., & Holling, C. S. (Eds.). (2002). Panarchy: Understanding transformations
in human and natural systems. Washington, DC: Island Press.
Gunderson, L. H., Kinzig, A., Quinlan, A., Walker, B., & Cundhill, G. (2010). Assessing
resilience in social-ecological systems: Workbook for practitioners (Version 2).
Retrieved from http://www.resalliance.org/3871.php

216

L. Jaramillo

Gunderson, L., & Light, S. S. (2006). Adaptive management and adaptive governance in the
everglades ecosystem. Policy Sciences, 39(4), 323–334.
https://doi.org/10.1007/s11077-006-9027-2
Hofste, R., Kuzma, S., Walker, S., Sutanudjaja, E., Bierkens, M., Marijn, J., … Reig, P.
(2019). AQUEDUCT 3.0: UPDATED DECISION-RELEVANT GLOBAL WATER
RISK INDICATORS [Technical Note]. Retrieved from World Resource Institute
website: https://www.wri.org/publication/aqueduct-30
Holling, C. S., & Meffe, G. K. (1996). Command and Control and the Pathology of Natural
Resource Management. Conservation Biology, 10(2), 328–337.
https://doi.org/10.1046/j.1523-1739.1996.10020328.x
Hosseini, S., Barker, K., & Ramirez-Marquez, J. E. (2016). A review of definitions and
measures of system resilience. Reliability Engineering & System Safety, 145, 47–61.
https://doi.org/10.1016/j.ress.2015.08.006
Janauer, G. A. (2000). Ecohydrology: Fusing concepts and scales. Ecological Engineering,
16(1), 9–16. https://doi.org/10.1016/S0925-8574(00)00072-0
Liu, X., Wang, Y., Peng, J., Braimoh, A. K., & Yin, H. (2013). Assessing vulnerability to
drought based on exposure, sensitivity and adaptive capacity: A case study in middle
Inner Mongolia of China. Chinese Geographical Science, 23(1), 13–25.
https://doi.org/10.1007/s11769-012-0583-4
Smit, B., & Wandel, J. (2006). Adaptation, adaptive capacity and vulnerability. Global
Environmental Change, 16(3), 282–292.
https://doi.org/10.1016/j.gloenvcha.2006.03.008
Spindle, B. (2019, August 20). “We Can’t Waste a Drop.” India Is Running Out of Water.
The Wall Street Journal, pp. A1, A8.
The Nature Conservancy of NM. (2018). Rio Grande Water Fund: Wildfire and Water
Source Protection 2018 Annual Report. Retrieved from
https://www.nature.org/content/dam/tnc/nature/en/documents/tnc_RioGrandWaterFu
nd_2018.pdf
Theresa, D. (2019, August 23). Aquifer on the rebound. Albuquerque Journal. Retrieved
from https://www.abqjournal.com/1357776/aquifer-on-the-rebound.html

217

L. Jaramillo

Walker, B., Carpenter, S., Anderies, J., Abel, N., Cumming, G., & Marco Janssen, Louis
Lebel, Jon Norberg, Garry D. Peterson, and Rusty Pritchard. (2002). Resilience
Management in Social-ecological Systems: A Working Hypothesis for a Participatory
Approach. Conservation Ecology, 6(1), 1–14.
Walker, B., & Salt, D. (2012). Resilience practice: Building capacity to absorb disturbance
and maintain function. Island Press.
Wang, C., & Blackmore, J. M. (2009). Resilience Concepts for Water Resource Systems.
Journal of Water Resources Planning and Management, 135(6), 528–536.
https://doi.org/10.1061/(ASCE)0733-9496(2009)135:6(528)
Woods, D., & Branlat, M. (2006). Essential characteristics of resilience. In Resilience
Engineering: (pp. 21–34). Ashgate Pub.
Chapter 3
Adger, W. N. (2000). Social and ecological resilience: Are they related? Progress in Human
Geography, 24(3), 347–364. https://doi.org/10.1191/030913200701540465
Adger, W. N. (2006). Vulnerability. Resilience, Vulnerability, and Adaptation: A CrossCutting Theme of the International Human Dimensions Programme on Global
Environmental Change, 16(3), 268–281.
https://doi.org/10.1016/j.gloenvcha.2006.02.006
Alessa, L., Kliskey, A., Lammers, R., Arp, C., White, D., Hinzman, L., & Busey, R. (2008).
The Arctic Water Resource Vulnerability Index: An Integrated Assessment Tool for
Community Resilience and Vulnerability with Respect to Freshwater. Environmental
Management, 42(3), 523–541. https://doi.org/10.1007/s00267-008-9152-0
Anderson, E. P., Pringle, C. M., & Freeman, M. C. (2008). Quantifying the extent of river
fragmentation by hydropower dams in the Sarapiquí River Basin, Costa Rica. Aquatic
Conservation: Marine and Freshwater Ecosystems, 18(4), 408–417.
https://doi.org/10.1002/aqc.882
Babel, M. S., Pandey, V. P., Rivas, A. A., & Wahid, S. Md. (2011). Indicator-Based
Approach for Assessing the Vulnerability of Freshwater Resources in the Bagmati
River Basin, Nepal. Environmental Management, 48(5), 1044.
https://doi.org/10.1007/s00267-011-9744-y

218

L. Jaramillo

Brauman, K. A., Daily, G. C., Duarte, T. K., & Mooney, H. A. (2007). The Nature and Value
of Ecosystem Services: An Overview Highlighting Hydrologic Services. Annual
Review of Environment and Resources, 32(1), 67–98.
https://doi.org/10.1146/annurev.energy.32.031306.102758
Chambers, R. (1989). Editorial Introduction: Vulnerability, Coping and Policy. IDS Bulletin,
20(2), 1–7. https://doi.org/10.1111/j.1759-5436.1989.mp20002001.x
Construction Licenses for Hydropower Dams. (2017, November). Retrieved from
http://www.doed.gov.np/construction_license_for_hydro.php
Falkenmark, M., & Widstrand, C. (1992). Population and water resources: A delicate
balance. POPULATION BULLETIN, 47(3), 1–36.
Folke, C. (2006). Resilience: The emergence of a perspective for social–ecological systems
analyses. Global Environmental Change, 16(3), 253–267.
https://doi.org/10.1016/j.gloenvcha.2006.04.002
Fontaine, M. M., & Steinemann, A. C. (2009). Assessing Vulnerability to Natural Hazards:
Impact-Based Method and Application to Drought in Washington State. ASCE:
Natural Hazard Review, 10(1), 11–18. https://doi.org/10.1061/ (ASCE)1527-6988
2009 10:1(11)
Gallopín, G. C. (2006). Linkages between vulnerability, resilience, and adaptive capacity.
Global Environmental Change, 16(3), 293–303.
https://doi.org/10.1016/j.gloenvcha.2006.02.004
Government of Nepal National Planning Commission Secretariat. (2011). NLSS 2010-2011.
Statistical Report Vol. 2 (No. Volume 2).
Government of Nepal National Planning Commission Secretariat. (2012). National
Population and Housing Census 2011.
Grill, G., Ouellet Dallaire, C., Fluet Chouinard, E., Sindorf, N., & Lehner, B. (2014).
Development of new indicators to evaluate river fragmentation and flow regulation at
large scales: A case study for the Mekong River Basin. Ecological Indicators, 45,
148–159. https://doi.org/10.1016/j.ecolind.2014.03.026
Gunderson, L. H., & Holling, C. S. (Eds.). (2002). Panarchy: Understanding transformations
in human and natural systems. Washington, DC: Island Press.

219

L. Jaramillo

Holling, C. S. (1973). Resilience and stability of ecological systems. Annual Review of
Ecology and Systematics, 4(1), 1–23.
Huang, Y., & Cai, M. (2009). METHODOLOGIES GUIDELINES Vulnerability Assessment
of Freshwater Resources to Environmental Change. Retrieved from
https://wedocs.unep.org/bitstream/handle/20.500.11822/11314/waterFinal%20Methodology_report02.pdf?sequence=1&isAllowed=y
Kjellen, M., & McGranahan, G. (1997). Comprehensive assessment of the freshwater
resources of the world. Stockholm: Stockholm Environment Institute.
Liu, X., Wang, Y., Peng, J., Braimoh, A. K., & Yin, H. (2013). Assessing vulnerability to
drought based on exposure, sensitivity and adaptive capacity: A case study in middle
Inner Mongolia of China. Chinese Geographical Science, 23(1), 13–25.
https://doi.org/10.1007/s11769-012-0583-4
Nepal, & United Nations Development Programme (Nepal) (Eds.). (2014). Nepal human
development report 2014: Beyond geography, unlocking human potential.
Kathmandu: Government of Nepal, National Planning Commission.
Nilsson, C. (2005). Fragmentation and Flow Regulation of the World’s Large River Systems.
Science, 308(5720), 405–408. https://doi.org/10.1126/science.1107887
NPCS CSB. (2014). ENVIRONMENT STATISTICS OF NEPAL 2013 (pp. 30–70).
Pandey, V. P., Babel, M. S., Shrestha, S., & Kazama, F. (2010). Vulnerability of freshwater
resources in large and medium Nepalese river basins to environmental change. Water
Science & Technology, 61(6), 1525. https://doi.org/10.2166/wst.2010.751
Pandey, V. P., Babel, M. S., Shrestha, S., & Kazama, F. (2011). A framework to assess
adaptive capacity of the water resources system in Nepalese river basins. Ecological
Indicators, 11(2), 480–488. https://doi.org/10.1016/j.ecolind.2010.07.003
Rickwood, C., & Carr, G. (2007). Global Drinking Water Quality Index Development and
Sensitivity Analysis Report. Retrieved from UNEP; WaterGEMS website:
http://www.un.org/waterforlifedecade/pdf/global_drinking_water_quality_index.pdf
Saaty, T. L. (1988). What is the Analytic Hierarchy Process? In G. Mitra, H. J. Greenberg, F.
A. Lootsma, M. J. Rijkaert, & H. J. Zimmermann (Eds.), Mathematical Models for
Decision Support (pp. 109–121). https://doi.org/10.1007/978-3-642-83555-1_5

220

L. Jaramillo

Saaty, T. L. (2004). Decision making—The Analytic Hierarchy and Network Processes
(AHP/ANP). Journal of Systems Science and Systems Engineering, 13(1), 1–35.
https://doi.org/10.1007/s11518-006-0151-5
Sharma, R. H., & Awal, R. (2013). Hydropower development in Nepal. Renewable and
Sustainable Energy Reviews, 21, 684–693. https://doi.org/10.1016/j.rser.2013.01.013
Shrestha, H. M. (2016). Exploitable Potential, Theoretical Potential, Technical Potential,
Storage Potential and Impediments to Development of the Potential: The Nepalese
Perspective. Hydro Nepal: Journal of Water, Energy and Environment, 19, 1.
https://doi.org/10.3126/hn.v19i0.15340
Shrestha, M. L. (2000). Interannual variation of summer monsoon rainfall over Nepal and its
relation to Southern Oscillation Index. Meteorology and Atmospheric Physics, 75(1–
2), 21–28. https://doi.org/10.1007/s007030070012
Sivapalan, M., Konar, M., Srinivasan, V., Chhatre, A., Wutich, A., Scott, C. A., …
Rodríguez-Iturbe, I. (2014). Socio-hydrology: Use-inspired water sustainability
science for the Anthropocene: COMMENTARY. Earth’s Future, 2(4), 225–230.
https://doi.org/10.1002/2013EF000164
Vörösmarty, C. J., McIntyre, P. B., Gessner, M. O., Dudgeon, D., Prusevich, A., Green, P.,
… Davies, P. M. (2010). Global threats to human water security and river
biodiversity. Nature, 467(7315), 555–561. https://doi.org/10.1038/nature09440
Walker, B., Holling, C. S., Carpenter, S., & Kinzig, A. (2004). Resilience, adaptability and
transformability in social–ecological systems. Ecology and Society, 9(2).
Wang, C., & Blackmore, J. M. (2009). Resilience Concepts for Water Resource Systems.
Journal of Water Resources Planning and Management, 135(6), 528–536.
https://doi.org/10.1061/(ASCE)0733-9496(2009)135:6(528)
Weisstein, E. (2018). Complement. Retrieved from
http://mathworld.wolfram.com/Complement.html
Wong, D. (2009). The modifiable areal unit problem (MAUP). The SAGE Handbook of
Spatial Analysis, 105–123.
World Health Organization. (2017). Guidelines for drinking-water quality.

221

L. Jaramillo

Chapter 4
Adger, W. N. (2006). Vulnerability. Resilience, Vulnerability, and Adaptation: A CrossCutting Theme of the International Human Dimensions Programme on Global
Environmental Change, 16(3), 268–281.
https://doi.org/10.1016/j.gloenvcha.2006.02.006
Ayyub, B. M. (2015). Practical Resilience Metrics for Planning, Design, and Decision
Making. ASCE-ASME Journal of Risk and Uncertainty in Engineering Systems, Part
A: Civil Engineering, 1(3), 04015008. https://doi.org/10.1061/AJRUA6.0000826
Babel, M. S., Pandey, V. P., Rivas, A. A., & Wahid, S. Md. (2011). Indicator-Based
Approach for Assessing the Vulnerability of Freshwater Resources in the Bagmati
River Basin, Nepal. Environmental Management, 48(5), 1044.
https://doi.org/10.1007/s00267-011-9744-y
Damgaard Jesper S., Whitehouse Richard J. S., & Soulsby Richard L. (1997). Bed-Load
Sediment Transport on Steep Longitudinal Slopes. Journal of Hydraulic Engineering,
123(12), 1130–1138. https://doi.org/10.1061/(ASCE)0733-9429(1997)123:12(1130)
Fiksel, J. (2006). Sustainability and resilience: Toward a systems approach. Sustainability:
Science, Practice and Policy, 2(2), 14–21.
https://doi.org/10.1080/15487733.2006.11907980
Frazier, A. E., Renschler, C. S., & Miles, S. B. (2013). Evaluating post-disaster ecosystem
resilience using MODIS GPP data. International Journal of Applied Earth
Observation and Geoinformation, 21, 43–52.
https://doi.org/10.1016/j.jag.2012.07.019
Gallopín, G. C. (2006). Linkages between vulnerability, resilience, and adaptive capacity.
Global Environmental Change, 16(3), 293–303.
https://doi.org/10.1016/j.gloenvcha.2006.02.004
Grimm, N. B., & Fisher, S. G. (1989). Stability of Periphyton and Macroinvertebrates to
Disturbance by Flash Floods in a Desert Stream. Journal of the North American
Benthological Society, 8(4), 293–307. https://doi.org/10.2307/1467493
HEC-RAS 5.0.3 (Version 5.0). (2017). Retrieved from
http://www.hec.usace.army.mil/software/hec-ras/downloads.aspx

222

L. Jaramillo

Hoque, Y. M., Tripathi, S., Hantush, M. M., & Govindaraju, R. S. (2012). Watershed
reliability, resilience and vulnerability analysis under uncertainty using water quality
data. Journal of Environmental Management, 109, 101–112.
https://doi.org/10.1016/j.jenvman.2012.05.010
Hosseini, S., & Barker, K. (2016). Modeling infrastructure resilience using Bayesian
networks: A case study of inland waterway ports. Computers & Industrial
Engineering, 93, 252–266. https://doi.org/10.1016/j.cie.2016.01.007
Jaramillo, L. V., Stone, M. C., & Morrison, R. R. (2018). An indicator-based approach to
assessing resilience of socio-hydrologic systems in Nepal to hydropower
development. Journal of Hydrology, 563, 1111–1118.
https://doi.org/10.1016/j.jhydrol.2018.05.070
Johnston, D. M., & Paton, D. (2006). Disaster Resilience: An Integrated Approach. Retrieved
from
http://libproxy.unm.edu/login?url=http://search.ebscohost.com/login.aspx?direct=true
&db=nlebk&AN=452697&site=ehost-live&scope=site
Kachergis, E. J., Knapp, C. N., Fernandez-Gimenez, M. E., Ritten, J. P., Pritchett, J. G.,
Parsons, J., … Roath, R. (2013). Tools for Resilience Management: Multidisciplinary
Development of State-and-Transition Models for Northwest Colorado. Ecology and
Society, 18(4), art39. https://doi.org/10.5751/ES-05805-180439
Korb, K., & Nicholson, A. (2004). Bayesian Artificial Intellegence. Retrieved from Item
Resolution URL http://arrow.monash.edu.au/hdl/1959.1/86640
Mahoney, J. M., & Rood, S. B. (1998). Streamflow requirements for cottonwood seedling
recruitment?An integrative model. Wetlands, 18(4), 634–645.
https://doi.org/10.1007/BF03161678
Morrison, R. R., & Stone, M. C. (2014). Spatially implemented Bayesian network model to
assess environmental impacts of water management. Water Resources Research,
50(10), 8107–8124. https://doi.org/10.1002/2014WR015600
National Soil Survey Handbook Part 618.53 (Subpart A). (n.d.). Retrieved from
https://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/survey/?cid=nrcs142p2_05422
3

223

L. Jaramillo

NUNS FIRE Watershed Emergency Response Team Final Report (No. CA-LNU-010104).
(2017).
Paton, D. (2006). Chapter 1 DISASTER RESILIENCE: BUILDING CAPACITY TO COEXIST WITH NATURAL HAZARDS AND THEIR CONSEQUENCES. In Disaster
Resilience: An Integrated Approach. Retrieved from
http://libproxy.unm.edu/login?url=http://search.ebscohost.com/login.aspx?direct=true
&db=nlebk&AN=452697&site=ehost-live&scope=site
Patriarca, R., Bergström, J., Di Gravio, G., & Costantino, F. (2018). Resilience engineering:
Current status of the research and future challenges. Safety Science, 102, 79–100.
https://doi.org/10.1016/j.ssci.2017.10.005
Pickett, S. T. A., Cadenasso, M. L., & Grove, J. M. (2004). Resilient cities: Meaning,
models, and metaphor for integrating the ecological, socio-economic, and planning
realms. Landscape and Urban Planning, 69(4), 369–384.
https://doi.org/10.1016/j.landurbplan.2003.10.035
Qi, M., Feng, M., Sun, T., & Yang, W. (2016). Resilience changes in watershed systems: A
new perspective to quantify long-term hydrological shifts under perturbations. Journal
of Hydrology, 539, 281–289. https://doi.org/10.1016/j.jhydrol.2016.05.039
Schumm, S. A. (1981). Evolution and Response of the Fluvial System, Sedimentalogic
Implications. Society of Economic Paleontologist and Mineralogist, 31, 19–29.
Smit, B., & Wandel, J. (2006). Adaptation, adaptive capacity and vulnerability. Global
Environmental Change, 16(3), 282–292.
https://doi.org/10.1016/j.gloenvcha.2006.03.008
Surface-Water Modeling System (Version 12.2). (2017). Retrieved from
http://xmswiki.com/xms/SMS:SMS
Sutfin, N. A., Shaw, J. R., Wohl, E. E., & Cooper, D. J. (2014). A geomorphic classification
of ephemeral channels in a mountainous, arid region, southwestern Arizona, USA.
Geomorphology, 221, 164–175. https://doi.org/10.1016/j.geomorph.2014.06.005
Uusitalo, L. (2007). Advantages and challenges of Bayesian networks in environmental
modelling. Ecological Modelling, 203(3–4), 312–318.
https://doi.org/10.1016/j.ecolmodel.2006.11.033

224

L. Jaramillo

Walters, M. O. (1990). Transmission Losses in Arid Region. Journal of Hydraulic
Engineering, 116(1), 129–138. https://doi.org/10.1061/(ASCE)07339429(1990)116:1(129)
Wohl, E. E. (2014). Rivers in the landscape: Science and management. Chichester: Wiley
Blackwell.
Woods, D., & Branlat, M. (2006). Essential characteristics of resilience. In Resilience
Engineering: (pp. 21–34). Ashgate Pub.
Chapter 5
Adger, W. N. (2006). Vulnerability. Resilience, Vulnerability, and Adaptation: A CrossCutting Theme of the International Human Dimensions Programme on Global
Environmental Change, 16(3), 268–281.
https://doi.org/10.1016/j.gloenvcha.2006.02.006
Adhikari, B., Mishra, S. R., & Raut, S. (2016). Rebuilding Earthquake Struck Nepal through
Community Engagement. Frontiers in Public Health, 4.
https://doi.org/10.3389/fpubh.2016.00121
Adhikary, N. (2016). Vernacular architecture in post-earthquake Nepal. International Journal
of Environmental Studies, 73(4), 533–540.
https://doi.org/10.1080/00207233.2016.1179011
American Society of Civil Engineers (Ed.). (2017). Minimum design loads and associated
criteria for buildings and other structures. Reston, Virginia: American Society of
Civil Engineers.
Arendt, L., Hortacsu, A., Jaiswal, K., Bevington, J., Shrestha, S., Lanning, F., … Thibert, K.
(2017). Implementing Nepal’s National Building Code: A Case Study in Patience and
Persistence. Earthquake Spectra, 33(S1), S167–S183.
https://doi.org/10.1193/121716EQS242M
Ayyub, B. M. (2015). Practical Resilience Metrics for Planning, Design, and Decision
Making. ASCE-ASME Journal of Risk and Uncertainty in Engineering Systems, Part
A: Civil Engineering, 1(3), 04015008. https://doi.org/10.1061/AJRUA6.0000826
Bennett, L. (2008). Policy reform and culture change: Contesting gender, caste, and ethnic
exclusion in Nepal. INCLUSIVE STATES, 197.

225

L. Jaramillo

Berkes, F., & Ross, H. (2013). Community Resilience: Toward an Integrated Approach.
Society & Natural Resources, 26(1), 5–20.
https://doi.org/10.1080/08941920.2012.736605
Bhatt, R. P., & Khanal, S. N. (2009). Environmental impact assessment system in Nepal–An
overview of policy, legal instruments and process. Kathmandu University Journal of
Science, Engineering and Technology, 5(2), 2009.
Bruneau, M., Chang, S. E., Eguchi, R. T., Lee, G. C., O’Rourke, T. D., Reinhorn, A. M., …
von Winterfeldt, D. (2003). A Framework to Quantitatively Assess and Enhance the
Seismic Resilience of Communities. Earthquake Spectra, 19(4), 733–752.
https://doi.org/10.1193/1.1623497
Callaghan, E. G., & Colton, J. (2008). Building sustainable & resilient communities: A
balancing of community capital. Environment, Development and Sustainability,
10(6), 931–942. https://doi.org/10.1007/s10668-007-9093-4
Central Bureau of Statistics. (2019). Environmental Statistics of Nepal 2019. Retrieved from
National Planning Commission, Government of Nepal website: www.cbs.gov.np
Chambers, R. (1989). Editorial Introduction: Vulnerability, Coping and Policy. IDS Bulletin,
20(2), 1–7. https://doi.org/10.1111/j.1759-5436.1989.mp20002001.x
Chang, S. E., & Shinozuka, M. (2004). Measuring Improvements in the Disaster Resilience
of Communities. Earthquake Spectra, 20(3), 739–755.
https://doi.org/10.1193/1.1775796
Das, A. (1988). Bamboo research in Nepal. 1–5.
Department of Community Programs [Non-profit]. (n.d.). Retrieved September 15, 2019,
from Dhulikhel Hospital website:
https://www.dhulikhelhospital.org/index.php/community-programmes/department-ofcommunity-programs
Dhulikhel Hosipital. (2015). Community Outreach Survey [Survey].
Disaster Preparedness Network-Nepal, Nepal, & Ministry of Home Affairs. (2015). Nepal
disaster report 2015. Retrieved from
http://www.drrportal.gov.np/uploads/document/329.pdf

226

L. Jaramillo

Du Plessis, C. (2007). A strategic framework for sustainable construction in developing
countries. Construction Management and Economics, 25(1), 67–76.
https://doi.org/10.1080/01446190600601313
Ellis, W. R., & Dietz, W. H. (2017). A New Framework for Addressing Adverse Childhood
and Community Experiences: The Building Community Resilience Model. Academic
Pediatrics, 17(7), S86–S93. https://doi.org/10.1016/j.acap.2016.12.011
Fastener Technical Referene Guide (No. S7028). (2005).
Faulkner, L., Brown, K., & Quinn, T. (2018). Analyzing community resilience as an
emergent property of dynamic social-ecological systems. Ecology and Society, 23(1),
art24. https://doi.org/10.5751/ES-09784-230124
Folke, C., & Berkes, F. (2000). Linking social and ecological systems for resilience and
sustainability. In Linking social and ecological systems: Management practices and
social mechanisms for building resilience. (p. 12). Retrieved from
http://libproxy.unm.edu/login?url=https://search.ebscohost.com/login.aspx?direct=tru
e&db=cat05987a&AN=unm.44446432&site=eds-live&scope=site
Fong, P. S.-W., & Choi, S. K.-Y. (2000). Final contractor selection using the analytical
hierarchy process. Construction Management and Economics, 18(5), 547–557.
https://doi.org/10.1080/014461900407356
Gallopín, G. C. (2006). Linkages between vulnerability, resilience, and adaptive capacity.
Global Environmental Change, 16(3), 293–303.
https://doi.org/10.1016/j.gloenvcha.2006.02.004
Gao, N., Jeon, J.-S., Hodgson, D. E., & DesRoches, R. (2016). An innovative seismic bracing
system based on a superelastic shape memory alloy ring. Smart Materials and
Structures, 25(5), 055030. https://doi.org/10.1088/0964-1726/25/5/055030
Geiger, O. (2011). Earthbag Building Guide: Vertical Walls Step-by-Step. Geiger Research
Institute of Sustainable Building.
Goepel, K. D. (2013, June 23). Implementing the Analytic Hierarchy Process as a Standard
Method for Multi-Criteria Decision Making in Corporate Enterprises – a New AHP
Excel Template with Multiple Inputs. Presented at the The International Symposium
on the Analytic Hierarchy Process. https://doi.org/10.13033/isahp.y2013.047

227

L. Jaramillo

Government of Nepal National Planning Commission Secretariat. (2012). National
Population and Housing Census 2011.
Gunderson, L. H., Kinzig, A., Quinlan, A., Walker, B., & Cundhill, G. (2010). Assessing
resilience in social-ecological systems: Workbook for practitioners (Version 2).
Retrieved from http://www.resalliance.org/3871.php
Gupta, J., Termeer, C., Klostermann, J., Meijerink, S., van den Brink, M., Jong, P., …
Bergsma, E. (2010). The Adaptive Capacity Wheel: A method to assess the inherent
characteristics of institutions to enable the adaptive capacity of society.
Environmental Science & Policy, 13(6), 459–471.
https://doi.org/10.1016/j.envsci.2010.05.006
Hollnagel, E. (Ed.). (2011). Resilience Assessment Grid (RAG). In Resilience engineering in
practice: A guidebook (pp. 275–291). Farnham, Surrey, England ; Burlington, VT:
Ashgate.
Hollnagel, E., Woods, D. D., & Leveson, N. (2006). Resilience Engineering: Concepts and
Precepts. Retrieved from
http://public.eblib.com/choice/publicfullrecord.aspx?p=429564
Hunter, K., & Kiffmeyer, D. (2004). Earthbag building: The tools, tricks and techniques.
Gabriola Island, BC: New Society Publishers.
International Centre for Integrated Mountain Development, Mool, P., Global Facility for
Disaster Reduction and Recovery, & World Bank (Eds.). (2011). Glacial lakes and
glacial lake outburst floods in Nepal. Kathmandu: International Centre for Integrated
Mountain Development.
Islam, R., Biswal, M. P., & Alam, S. S. (1997). Preference programming and inconsistent
interval judgments. European Journal of Operational Research, 97(1), 53–62.
https://doi.org/10.1016/S0377-2217(95)00377-0
Joshi, S., Shrestha, S., & Vaidya, S. (2011). Occupational Safety and Health Studies in
Nepal. International Journal of Occupational Safety and Health, 1(1), 19–26.
https://doi.org/10.3126/ijosh.v1i1.4725
Kania, J., & Kramer, M. (2011). Collective Impact. Stanford Social Innovation Review.
Kattelmann, R. (2003). Glacial Lake Outburst Floods in the Nepal Himalaya: A Manageable
Hazard? Natural Hazards, 28(1), 145–154. https://doi.org/10.1023/A:1021130101283

228

L. Jaramillo

Kulak, G. L., Fisher, J. W., Struik, J. H. A., & Fisher, J. W. (1987). Guide to design criteria
for bolted and riveted joints (2nd ed). New York: Wiley.
Leung, L. C., & Cao, D. (2000). On consistency and ranking of alternatives in fuzzy AHP.
European Journal of Operational Research, 124(1), 102–113.
https://doi.org/10.1016/S0377-2217(99)00118-6
Longstaff, P. H., Armstrong, N. J., Perrin, K., Parker, W. M., & Hidek, M. A. (2010).
Building resilient communities: A preliminary framework for assessment. Homeland
Security Affairs, 6(3).
Magwood, C., Mack, P., & Therrien, T. (2005). More straw bale building: A complete guide
to designing and building with straw. Gabriola Island, B.C: New Society Publishers.
Manandhar, M. D., Varughese, G., Howitt, A. M., & Kelly, E. (2017). Disaster Preparedness
and Response During Political Transition in Nepal: Assessing Civil and Military
Roles in the Aftermath of the 2015 Earthquakes.
Messerschmidt, D. (2009). An Opportunities-Based Approach to Mitigating Risks Associated
with Infrastructure Development Projects. Hydro Nepal: Journal of Water, Energy
and Environment, 3, 9. https://doi.org/10.3126/hn.v3i0.1912
NAHB Research Center. (2000). Residential Structural Design Guide (1st ed.). Retrieved
from https://www.huduser.gov/portal/publications/pdf/residential.pdf
Nazari, A., Vandadian, S., & Abdirad, H. (2017). Fuzzy AHP Model for Prequalification of
Engineering Consultants in the Iranian Public Procurement System. Journal of
Management in Engineering, 33(2), 04016042.
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000489
Nepal National Building Code. (2015). Government of Nepal, Ministry of Urban
Development, Department of Urban Development and Building Construction.
Nepal, R. (2012). Roles and potentials of renewable energy in less-developed economies:
The case of Nepal. Renewable and Sustainable Energy Reviews, 16(4), 2200–2206.
Nepal Sanitary and Plumbing Design Requirements. (2003). Government of Nepal, Ministry
of Urban Development, Department of Urban Development and Building
Construction.
Nguyen, P. T., Vu, N. B., Van Nguyen, L., Le, L. P., & Vo, K. D. (2018). The Application of
Fuzzy Analytic Hierarchy Process (F-AHP) in Engineering Project Management.

229

L. Jaramillo

2018 IEEE 5th International Conference on Engineering Technologies and Applied
Sciences (ICETAS), 1–4. https://doi.org/10.1109/ICETAS.2018.8629217
Nightingale, A. (2003). Nature–society and development: Social, cultural and ecological
change in Nepal. Geoforum, 34(4), 525–540. https://doi.org/10.1016/S00167185(03)00026-5
Norris, F. H., Stevens, S. P., Pfefferbaum, B., Wyche, K. F., & Pfefferbaum, R. L. (2008).
Community Resilience as a Metaphor, Theory, Set of Capacities, and Strategy for
Disaster Readiness. American Journal of Community Psychology, 41(1–2), 127–150.
https://doi.org/10.1007/s10464-007-9156-6
NPCS CSB. (2014). ENVIRONMENT STATISTICS OF NEPAL 2013 (pp. 30–70).
Ortiz, O., Castells, F., & Sonnemann, G. (2009). Sustainability in the construction industry:
A review of recent developments based on LCA. Construction and Building
Materials, 23(1), 28–39. https://doi.org/10.1016/j.conbuildmat.2007.11.012
Patriarca, R., Bergström, J., Di Gravio, G., & Costantino, F. (2018). Resilience engineering:
Current status of the research and future challenges. Safety Science, 102, 79–100.
https://doi.org/10.1016/j.ssci.2017.10.005
Pigg, S. L. (1992). Inventing Social Categories through Place: Social Representations and
Development in Nepal. Comparative Studies in Society and History, 34(3), 491–513.
Retrieved from JSTOR.
Pokharel, T., & Goldsworthy, H. M. (2017). Lessons learned from the Nepal earthquake
2015. Australian Journal of Structural Engineering, 18(1), 11–23.
https://doi.org/10.1080/13287982.2017.1309818
Saaty, T. L. (1988). What is the Analytic Hierarchy Process? In G. Mitra, H. J. Greenberg, F.
A. Lootsma, M. J. Rijkaert, & H. J. Zimmermann (Eds.), Mathematical Models for
Decision Support (pp. 109–121). https://doi.org/10.1007/978-3-642-83555-1_5
Saaty, T. L. (1994). How to Make a Decision: The Analytic Hierarchy Process. Interfaces,
24(6), 19–43. https://doi.org/10.1287/inte.24.6.19
Saaty, T. L. (2003). Decision-making with the AHP: Why is the principal eigenvector
necessary. European Journal of Operational Research, 145(1), 85–91.
https://doi.org/10.1016/S0377-2217(02)00227-8

230

L. Jaramillo

Saaty, T. L. (2004). Decision making—The Analytic Hierarchy and Network Processes
(AHP/ANP). Journal of Systems Science and Systems Engineering, 13(1), 1–35.
https://doi.org/10.1007/s11518-006-0151-5
Salo, A. A. (1996). On fuzzy ratio comparisons in hierarchical decision models. Fuzzy Sets
and Systems, 84(1), 21–32. https://doi.org/10.1016/0165-0114(95)00303-7
Sharma, R. H., & Awal, R. (2013). Hydropower development in Nepal. Renewable and
Sustainable Energy Reviews, 21, 684–693. https://doi.org/10.1016/j.rser.2013.01.013
Shrestha, A., Khanal, N., Shrestha, M., Nibanupud, K., & Molden, D. (2014, August 4). Eye
on the Sun Koshi Landslide: Monitoring and Infrastructure Planning Key to
Minimizing Scale of Disasters. ICIMOD. Retrieved from
http://www.icimod.org/?q=14356
Shrestha, M. L. (2000). Interannual variation of summer monsoon rainfall over Nepal and its
relation to Southern Oscillation Index. Meteorology and Atmospheric Physics, 75(1–
2), 21–28. https://doi.org/10.1007/s007030070012
Standard Specifications: Load Tables and Weight Tables for Steel Joists and Joist Girders
(43rd ed.). (2015). Retrieved from https://steeljoist.org/ansi/
Stouter, P. (2017, May 25). Seismic Resilient Wall Rearch: Estimated Shear Strenghs of
Contained Earth Walls. Retrieved from buildsimple.org
Stouter, P., & Ernstsen, C. (2016, April). Soil Testing for Earthbag. Retrieved from
www.BuildSimple.org
Strong, N., Huebner, E., & Jensen, E. (2018). Analysis of Structural Components During
Cyclical Loading of Steel Reinforced Earthbag Construction. Retrieved from
https://scholarcommons.scu.edu/cgi/viewcontent.cgi?article=1062&context=ceng_sen
ior
Thornburg, D. W., Henry, J. R., & International Code Council. (2015). 2015 International
Building Code Illustrated Handbook.
Varma, A. H., Ricles, J. M., Sause, R., & Lu, L.-W. (2002). Seismic behavior and modeling
of high-strength composite concrete-filled steel tube (CFT) beam–columns. Journal of
Constructional Steel Research, 58(5–8), 725–758. https://doi.org/10.1016/S0143974X(01)00099-2

231

L. Jaramillo

Walker, B., Holling, C. S., Carpenter, S., & Kinzig, A. (2004). Resilience, adaptability and
transformability in social–ecological systems. Ecology and Society, 9(2).
Walker, B., & Salt, D. (2012). Resilience practice: Building capacity to absorb disturbance
and maintain function. Island Press.
Walton, B. (2014, August 6). Himalayas Strike Again: Deadly Landslide in Nepal. Blue
Circle. Retrieved from https://www.circleofblue.org/2014/world/nepal-landslidehydropower/
Wilson, G. (2011). Community Resilience and Environmental Transitions.
https://doi.org/10.4324/9780203144916
Woods, D., & Branlat, M. (2006). Essential characteristics of resilience. In Resilience
Engineering: (pp. 21–34). Ashgate Pub.
Chapter 6
Ellis, W. R., & Dietz, W. H. (2017). A New Framework for Addressing Adverse Childhood
and Community Experiences: The Building Community Resilience Model. Academic
Pediatrics, 17(7), S86–S93. https://doi.org/10.1016/j.acap.2016.12.011
Gunderson, L. H., & Holling, C. S. (Eds.). (2002). Panarchy: Understanding transformations
in human and natural systems. Washington, DC: Island Press.
Gunderson, L. H., Kinzig, A., Quinlan, A., Walker, B., & Cundhill, G. (2010). Assessing
resilience in social-ecological systems: Workbook for practitioners (Version 2).
Retrieved from http://www.resalliance.org/3871.php
Kachergis, E. J., Knapp, C. N., Fernandez-Gimenez, M. E., Ritten, J. P., Pritchett, J. G.,
Parsons, J., … Roath, R. (2013). Tools for Resilience Management: Multidisciplinary
Development of State-and-Transition Models for Northwest Colorado. Ecology and
Society, 18(4), art39. https://doi.org/10.5751/ES-05805-180439
Kania, J., & Kramer, M. (2011). Collective Impact. Stanford Social Innovation Review.
Longstaff, P. H., Armstrong, N. J., Perrin, K., Parker, W. M., & Hidek, M. A. (2010).
Building resilient communities: A preliminary framework for assessment. Homeland
Security Affairs, 6(3).

232

L. Jaramillo

Nightingale, A. (2003). Nature–society and development: Social, cultural and ecological
change in Nepal. Geoforum, 34(4), 525–540. https://doi.org/10.1016/S00167185(03)00026-5
Walker, B., Carpenter, S., Anderies, J., Abel, N., Cumming, G., & Marco Janssen, Louis
Lebel, Jon Norberg, Garry D. Peterson, and Rusty Pritchard. (2002). Resilience
Management in Social-ecological Systems: A Working Hypothesis for a Participatory
Approach. Conservation Ecology, 6(1), 1–14.

233

L. Jaramillo

